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ABSTRACT
B a f f l e - p l a t e  and d i s c - a n d - d o n u t  to w ers  h ave  b een  f r e q u e n t ­
l y  u se d  f o r  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  be tw een  g as  and l i q u i d ;  
how ever, knowledge o f  th e  n a t u r e  o f  th e  g a s - l i q u i d  c o n t a c t i n g  
and  s a t i s f a c t o r y  p r o c e s s  d e s ig n  p ro c e d u re s  have b ee n  l a c k in g .
I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  f o r  th e  f i r s t  t im e  th e  n a t u r e  
o f  th e  g a s - l i q u i d  c o n t a c t i n g  was e s t a b l i s h e d ,  and  new fu n d a ­
m e n ta l  p r o c e s s  d e s ig n  p ro c e d u re s  w ere  d e v e lo p e d .
To i n s u r e  f a i t h f u l  r e p r o d u c t io n  o f  t h e  g a s - l i q u i d  con ­
t a c t i n g  a s  i t  o c c u rs  i n  l a r g e - s c a l e  to w e rs ,  a " s e c t i o n "  o r  
" s l i c e "  o f  a  l a r g e - s c a l e  b a f f l e - p l a t e  tow er was c o n s t r u c t e d ,  
r a t h e r  th a n  a s m a l l - s c a l e  m odel. The e x p e r im e n ta l  c o n t a c t o r  
was a 6 i n .  x  18 i n .  box c o n t a in i n g  fo u r  4 .5  i n . - w i d e  b a f f l e -  
p l a t e s  w i th  an  1 8 - in .  sp a c in g  i n  th e  v e r t i c a l  d i r e c t i o n .  A 
F l e x i g l a s  c o v e r  p e r m i t t e d  v i s u a l  s t u d i e s  to  be  co n d u c te d ,  
w h ich  r e s u l t e d  i n  th e  f o rm u la t io n  o f  a m odel o f  g a s - l i q u i d  
c o n t a c t i n g  embodying th e s e  f e a t u r e s :  (1) l i q u i d  does n o t
mix i n  th e  d i r e c t i o n  o f  i t s  f lo w ; (2) g a s  i s  c o m p le te ly -m ix e d  
be tw een  c o n t a c t s  w i th  l i q u i d ;  (3) l i q u i d  i s  m ixed i n  t h e  d i ­
r e c t i o n  p e r p e n d i c u l a r  to  i t s  f lo w ; (4) th e  e f f i c i e n c y  o f  con­
t a c t i n g  i s  t h e  same a t  a l l  p o i n t s  i n  th e  c u r t a i n ;  and  (5) 
l i q u i d  e n t r a in m e n t  i s  n e g l i g i b l e .  The i n f l u e n c e  o f  d e v i a t i o n s  
from  c h a r a c t e r i s t i c s  (2) and (5) was i n v e s t i g a t e d  m a th e m a t ic a l ly ,
x
and new useful relations for these effects were formulated.
U t i l i z i n g  t h i s  m odel, fu n d am en ta l  e q u a t io n s  d e s c r ib in g  
h e a t  and mass t r a n s f e r  i n  th e  l i q u i d  c u r t a i n  w ere  fo rm u la te d  
f o r  t h r e e  c a s e s  o f  com m ercia l s i g n i f i c a n c e :  (1) h e a t  t r a n s ­
f e r  w i th  no mass t r a n s f e r ;  (2) s im u l ta n e o u s  h e a t  and mass 
t r a n s f e r ,  a d i a b a t i c  o p e r a t i o n  o f  th e  c o n t a c t o r ;  (3) s im u l­
ta n e o u s  h e a t  and mass t r a n s f e r ,  n o n - a d i a b a t i c  o p e r a t i o n  o f  
t h e  c o n t a c t o r .  I n  C ase (1) th e  c o n c e p ts  o f  p o i n t  and p l a t e  
e f f i c i e n c i e s  f o r  h e a t  t r a n s f e r  w ere  in t r o d u c e d ,  and  a g r a p h i ­
c a l  p ro c e d u re  was d e v is e d  f o r  " s t e p p i n g - o f f "  th e  number o f  
c u r t a i n s .  The r e s u l t s  o f  Case (2) w ere  s i m i l a r  i n  form to  
th o s e  f o r  a t r u l y  c o u n t e r c u r r e n t  c o n t a c t o r .  N o t ic e  t h a t  i n  
a b a f f l e - p l a t e  tow er t h e r e  i s  c r o s s  f low  i n  each  c u r t a i n ,  
n o t  c o u n t e r c u r r e n t  f lo w . F or  Case (3) th e  c o n c e p t  o f  a  g as  
p h a se  e n th a lp y  d r i v i n g  f o r c e  was i n t r o d u c e d  and employed i n  
t h e  d e r i v a t i o n  o f  th e  fu n d am e n ta l  e q u a t io n s .  G ra p h ic a l  t e c h ­
n iq u e s  w ere  in t ro d u c e d ,  to  f a c i l i t a t e  a n a l y s i s  o f  C ase ( 3 ) ,  
an d  s i m p l i f i e d  e q u a t io n s  w ere d ev e lo p ed  f o r  th e  c a s e  o f  a 
s t r a i g h t  e q u i l i b r iu m  c u r v e .  F o r  system s o t h e r  th a n  a i r - w a t e r  
a  "p su ed o "  e q u i l i b r iu m  c u rv e  was d e f in e d .
E x p e r im e n ta l  r u n s  w ere  made u s in g  t h e  system:: a i r Lw a te r
The Lewis r e l a t i o n  was v e r i f i e d .  The g as  p h a se  h e a t  t r a n s f e r  
c o e f f i c i e n t  b a s e d  upon th e  s u p e r f i c i a l  a r e a  o f  t h e  l i q u i d
c u r t a i n  v a r i e d  d i r e c t l y  w i th  th e  g as  mass v e l o c i t y  b a s e d  upon 
t h i s  same a r e a  and was in d e p e n d e n t  o f  t h e  l i q u i d  r a t e  o v e r  
th e  w ide ran g e  o f  f lo w s i n v e s t i g a t e d  ( l i q u i d  r a t e  from 1380 
to  9100 l b / h r  and mass v e l o c i t y  o f  gas from 1040 to  5200 
l b / h r - f t ^  o f  s u p e r f i c i a l  a r e a  o f  t h e  c u r t a i n ) .  The c o n t a c t o r  
th u s  d e m o n s tra te d  a s u r p r i s i n g  v e r s a t i l i t y ,  m a in ta in in g  a h ig h  
e f f i c i e n c y  (g as  p h ase  p o i n t  e f f i c i e n c y  a b o u t  77%) o v e r  a w ide 
r a n g e  o f  flow  c o n d i t i o n s .
A d d i t io n a l  e q u a t io n s  w ere  d ev e lo p ed  to  e n a b le  c o n s i d e r a ­
t i o n  o f  th e  c o n t a c t o r  a s  a d i s t i l l a t i o n  to w er .  N um erica l 
c a l c u l a t i o n s  i n d i c a t e  t h a t  th e  c o n t a c t o r  h as  trem endous p o ­
t e n t i a l  i n  d i s t i l l a t i o n  o p e r a t i o n s ,  w hich  stem s n o t  o n ly  from 
t h e  s a t i s f a c t o r y  e f f i c i e n c y  o f  c o n t a c t i n g ,  b u t  a l s o  from th e  
a b s e n c e  o f  backm ix ing  o f  l i q u i d  i n  th e  l i q u i d  c u r t a i n .
CHAPTER I 
INTRODUCTION
The e x p r e s s io n  " d i r e c t  c o n t a c t  h e a t  t r a n s f e r "  r e f e r s  
to  h e a t  t r a n s f e r  betw een  p h a s e s  w i th o u t  th e  p r e s e n c e  o f  an  
i n t e r v e n i n g  w a l l  such a s  e x i s t s  in  a t u b u l a r  h e a t  ex ch an g e r .  
The fo l lo w in g  tw o -p h ase  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  s i t u a ­
t i o n s  e x i s t :  g a s - s o l i d ,  g a s - l i q u i d ,  l i q u i d - l i q u i d  and
l i q u i d - s o l i d .  T y p ic a l  exam ples o f  each  o f  t h e s e  s i t u a t i o n s  
a r e  i n  T a b le  I ,  S in ce  th e  p h a s e s  a r e  i n  d i r e c t  c o n t a c t ,  a s  
n o te d  i n  T a b le  I  t h e r e  o f t e n  o c c u rs  s im u lta n e o u s  h e a t  t r a n s ­
f e r ,  mass t r a n s f e r  and ch e m ic a l  r e a c t i o n  betw een  th e  p h a s e s .
The e n t i r e  f i e l d  o f  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  i s  
r i p e  f o r  s tu d y ,  and no p o r t i o n  s ta n d s  o u t  a s  w e l l - i n v e s t i ­
g a t e d .  The c h o ic e  o f  w hat p o r t i o n  to  s tu d y  was d i c t a t e d  by 
such f a c t o r s  a s  fun d am en ta l  v a lu e  o f  th e  s tu d y  to  t h e  chem i­
c a l  e n g in e e r in g  p r o f e s s i o n  and  u t i l i t y  o f  t h e  r e s u l t s  to  
i n d u s t r y .
When r e v ie w in g  th e  g a s - l i q u i d  exam ples i n  T a b le  I ,  one 
n o t i c e s  t h a t  t h e  prim ary o b j e c t i v e  o f  many o f  t h e s e  i s  n o t  
th e  h e a t  t r a n s f e r  w hich  o c c u r s ,  b u t  r a t h e r  t h e  mass t r a n s f e r  
o r  c h e m ic a l  r e a c t i o n  betw een  th e  p h a s e s .  On th e  o t h e r  hand , 
t h e r e  a r e  i n s t a n c e s  w h e re in  h e a t  t r a n s f e r  i s  t h e  p r im a ry  
o b j e c t i v e .  F o r  exam ple, suppose  one w ish e s  to  q u ic k ly  c o o l
2TABLE I*
TYPICAL EXAMPLES OF TOO-PHASE DIRECT CONTACT HEAT TRANSFER
Phases  in  
C o n ta c t .
Gas-
L iq u id
T y p ica l
Examples
1. Quench 
Tower
2. Humidi­
f i e r
3. Spray 
Dryer
4. D i s t i l ­
l a t i o n  
Tower
P rim ary  O b je c t iv e  
o f  th e  C o n tac t in g
To q u ic k ly  cool 
a gas
To in c r e a s e  th e  
w a te r  c o n te n t  o f  
a i r
To remove l i q u i d  
from a s o lu t io n  
and p roduce 
c r y s t a l s
To e f f e c t  a 
s e p a r a t io n  o f  twor 
components
P ro c e s s e s  O ccur­
r in g  S im u ltan eo u s ly
Ht and mass t r a n s f e r
Ht and mass t r a n s f e r
Ht and mass t r a n s f e r :  
c r y s t a l l i z a t i o n
Ht and mass t r a n s f e r ;  
sometimes chem ical 
r e a c t i o n  between 
gas and l i q u i d
G as-S o lid 1. F lu id -  V a r ia b le :  some- Ht and mass t r a n s f e r
iz e d  tim es h e a t in g  o r  and chem ical r e a c t i o n
S o l id  c o o l in g  one phase; f r e q u e n t ly  occu r
Bed f r e q u e n t ly  r e a c t i o n  s im u l ta n e o u s ly ,
between s o l i d  and 
gas
2. F ixed  See f l u i d i z e d  bed 
S o l id  Bed c o n s id e r a t io n s .
See f l u i d i z e d  bed 
c o n s i d e r a t i o n s .
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3th e  h o t  e f f l u e n t  from a r e a c t o r  to  s to p  f u r t h e r  r e a c t i o n  
( t h a t  i s ,  t h e  " q u e n c h " ) . I n  t h i s  s i t u a t i o n  d i r e c t  c o n t a c t  
w i th  a c o o l  l i q u i d  i s  o f t e n  em ployed. D i r e c t  c o n t a c t  h e a t  
t r a n s f e r  i s  p r e f e r a b l e  to  i n d i r e c t  h e a t  t r a n s f e r  i n  a tu b u ­
l a r  ex ch an g e r  b e c a u se  o f  th e  r a p i d i t y  o f  c o o l in g .  As a 
second  exam ple, suppose  one w ish e s  to  c o o l  a gas  s t re a m  w hich  
c o n t a in s  suspended  s o l i d s  a n d /o r  e a s i l y  condensed  com ponents 
w hich  w ould te n d  to  f o u l  th e  s u r f a c e s  o f  a t u b u l a r  ex c h a n g e r .  
D i r e c t  c o n t a c t  h e a t  t r a n s f e r  a f f o r d s  a s o l u t i o n  to  t h i s  
p rob lem , s in c e  th e  d i r t y  g as  can  be  c o o le d  by a l i q u i d  s tre a m  
i n  w hich  th e  s o l i d s  a r e  e n t r a i n e d  and suspended  and i n  w hich  
th e  e a s i l y  condensed  components a r e  d i s s o l v e d .  The l i q u i d  
s t r e a m , i n  t u r n ,  may b e  c o o le d  i n  a c o n v e n t io n a l  t u b u l a r  ex ­
c h a n g e r  w i th o u t  e x c e s s iv e  f o u l i n g .
I t  sh o u ld  be em phasized , how ever, t h a t  t h e  u s e  o f  g a s -  
l i q u i d  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  f o r  th e  p r i n c i p a l  p u rp o se  
o f  h e a t  t r a n s f e r  and c o n s e q u e n t ly  a s  a s u b s t i t u t e  f o r  h e a t  
t r a n s f e r  i n  t u b u l a r  e x c h an g e rs  w i l l  p ro b a b ly  become much more 
im p o r ta n t  a s  d e s ig n  m ethods f o r  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  
equ ipm ent become a v a i l a b l e .  The r e a s o n  f o r  t h i s  t r e n d  i s  
s im p le :  th e  c o m b in a t io n  o f  a l i q u i d - g a s  c o n t a c t o r  p lu s  a
t u b u l a r  e x c h a n g e r  f o r  th e  l i q u i d  com pares f a v o r a b ly  econom ic­
a l l y  w i th  a s i n g l e  t u b u l a r  ex c h an g e r  f o r  t h e  g a s .  R e c e n t ly ,
4t h e r e  h a s  b een  r e c o g n i t i o n  o f  t h e  p o t e n t i a l  im p o r ta n c e  o f  g a s -  
l i q u i d  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  i n  ch e m ic a l e n g in e e r in g  
l i t e r a t u r e .
I n  a c c o rd a n c e  w i th  t h e  p r e c e d in g  d i s c u s s i o n ,  i t  was 
d e c id e d  to  s tu d y  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  be tw een  gas  
and  l i q u i d  w i th  th e  v iew  i n  mind o f  a p p ly in g  th e  r e s u l t s  to  
s i t u a t i o n s  w h ere in  th e  t r a n s f e r  o f  h e a t  i s  th e  p r im a ry  
o b j e c t i v e .
G a s - l i q u i d  c o n t a c t i n g  may b e  c a r r i e d  o u t  i n  any  one o f  
a  v a r i e t y  o f  c o n t a c t o r s .  P o s s ib ly  th e  p r i n c i p a l  ones  a r e  
p l a t e  to w e r s ,  packed  to w e rs ,  s p ra y  to w e rs ,  m e c h a n ic a l ly -  
a g i t a t e d  v e s s e l s  and  m ix in g  n o z z l e s .  Two o f  t h e  m ost v e r ­
s a t i l e  o f  th e  c o n t a c t o r s  a r e  i n  t h e  g e n e r a l  c l a s s  o f  p l a t e  
to w e rs :  nam ely , t h e  " b a f f l e - p l a t e "  to w er  and th e  c l o s e l y -
r e l a t e d  " d i s c - a n d - d o n u t"  to w e r ,  w hich  a r e  shown s c h e m a t i c a l l y  
i n  F ig u re s  1 and  2.
T hese to w ers  have  g a in e d  p o p u l a r i t y ,  p a r t i c u l a r l y  i n  
th o s e  g a s - l i q u i d  c o n t a c t i n g  o p e r a t i o n s  w h e re in  t h e  t r a n s f e r  
o f  h e a t  i s  t h e  p r im a ry  o b j e c t i v e ,  b e c a u s e  th e y  a r e  n o t  sub­
j e c t  to  f o u l i n g .  As m e n tio n ed  ab o v e , t h e  g as  s t r e a m s  w hich 
a r e  c o o le d  by d i r e c t  c o n t a c t  h e a t  t r a n s f e r  o f t e n  c o n ta in  
e n t r a i n e d  s o l i d s .  T hese  s o l i d s  g r a d u a l l y  d e p o s i t  on th e  
s u r f a c e s  o f  th e  c o n t a c t o r .  I f  t h e  c o n t a c t o r  i s  a  b u b b le -c a p
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7p l a t e  o r  a  s i e v e  p l a t e ,  f o r  exam ple, t h i s  d e p o s i t io n  even­
t u a l l y  f i l l s  m ost o f  th e  p a s s a g e s  f o r  gas  flow  and , con­
s e q u e n t ly ,  n e c e s s i t a t e s  a shutdown o f  th e  equipm ent f o r  
c l e a n - o u t .  On th e  o th e r  han d , t h i s  d e p o s i t io n  does n o t  
f i l l  t h e  p a s sa g e s  f o r  gas flow  i n  th e  b a f f l e - p l a t e  o r  d i s c -  
a n d -d o n u t  tow ers  b u t  s im ply  b u i l d s  up on th e  p l a t e s .  The 
f re q u e n c y  o f  n e c e s s a r y  c l e a n - o u t s  i s  th u s  m in im ized .
Packed tow ers  a r e  a l s o  u n s a t i s f a c t o r y  f o r  h a n d l in g  
" d i r t y 11 gas s tre a m s  b e c au se  o f  th e  f o u l in g  p ro b lem . Spray 
to w ers  a r e  n o t  s u b j e c t  to  f o u l in g ;  however, th e y  have n o t  
b een  w id e ly  u sed  f o r  c o o l in g  d i r t y  g a s e s ,  b ec au se  th e y  have 
a low h e a t  t r a n s f e r  r a t e  p e r  u n i t  o f  c o n t a c t o r  volume and 
u s u a l l y  o p e r a te  c o - c u r r e n t l y  r a t h e r  th a n  c o u n t e r c u r r e n t l y .  
M ixing n o z z le s  have  g a in e d  some a c c e p ta n c e  when c o c u r r e n t  
f low  o f  gas  and l i q u i d  i s  n o t  o b j e c t i o n a b l e - - t h a t  i s ,  when 
i t  i s  n o t  n e c e s s a r y  to  c o o l  t h e  gas  to  a te m p e ra tu re  n e a r  
t h a t  o f  th e  i n l e t  l i q u i d .  Sometimes i n  quench ing  o p e r a t i o n s ,  
a m ix ing  n o z z le  o r  sp ra y  tow er i s  u se d  p r i o r  to  a  b a f f l e -  
p l a t e  o r  d i s c -a n d -d o n u t  to w er .  The m ix ing  n o z z le  and sp ra y  
chamber p r o v id e  v e ry  q u ic k  c o o l in g  to  a f a i r l y  low tem pera­
t u r e ,  and th e y  a r e  o f  r e a s o n a b le  s i z e  b ec a u se  o f  th e  l a r g e  
te m p e ra tu r e  d i f f e r e n c e  betw een  th e  incom ing l i q u i d  and th e  
incom ing g a s .  The b a f f l e - p l a t e  o r  d is c - a n d -d o n u t  tow er th e n
8p r o v id e s  t h e  e f f i c i e n t  and  c o u n t e r c u r r e n t  c o n t a c t i n g  r e q u i r e d  
t o  c o o l  t h e  g a s  t o  a t e m p e r a tu r e  n e a r  t h a t  o f  t h e  incom ing  
l i q u i d .
The a u t h o r  knows o f  no c a s e  i n  w h ich  m e c h a n i c a l l y - a g i ­
t a t e d  v e s s e l s  a r e  u s e d  f o r  c o n t a c t i n g  g as  and l i q u i d  w h e re in  
c o n t in u o u s  h e a t  t r a n s f e r  i s  t h e  p r im a ry  o b j e c t i v e ;  how ever, 
su ch  a c o n t a c t o r  i s  som etim es u s e d  i n  b a tc h w is e  s team  d i s t i l ­
l a t i o n s .  When a  m e c h a n i c a l l y - a g i t a t e d  v e s s e l  i s  u se d  f o r  
c o n t in u o u s  h e a t  t r a n s f e r ,  i t  i s  a t  b e s t  e q u i v a l e n t  t o  a 
s i n g l e  s t a g e ,  M u l t i - s t a g e  c o u n t e r c u r r e n t  c o n t a c t i n g  can  b e  
a c h ie v e d  o n ly  b y  em ploy ing  p o t s  i n  s e r i e s .  T h is  f a c t ,  
c o u p le d  w i th  t h e  r e l a t i v e l y  h ig h  c o s t  o f  m e c h a n i c a l l y - a g i t a t e d  
v e s s e l s ,  w i l l  p r o b a b ly  p r e v e n t  t h e i r  w id e s p re a d  u s e  f o r  
d i r e c t  c o n t a c t  h e a t  t r a n s f e r  b e tw een  g a s  and  l i q u i d .
I n  a c c o r d a n c e  w i t h  t h e  d i s c u s s i o n s  o f  t h e  t h r e e  p r e ­
c e d in g  p a r a g r a p h s ,  i t  was d e c id e d  to  s tu d y  d i r e c t  c o n t a c t  
h e a t  t r a n s f e r  i n  b a f f l e - p l a t e  and  d i s c - a n d - d o n u t  to w e r s .
The o v e r a l l  r e s e a r c h  o b j e c t i v e s  can  now b e  s t a t e d :
To d e v e lo p  a  fu n d a m e n ta l  u n d e r s t a n d in g  o f  t h e  d i r e c t  c o n t a c t  
h e a t  t r a n s f e r  b e tw e en  g a s  and  l i q u i d  p h a s e s  a s  i t  o c c u r s  i n  
b a f f l e - p l a t e  and  d i s c - a n d - d o n u t  to w e rs  and  to  d e r i v e  th e r e f r o m  
p r o c e s s  d e s ig n  p r o c e d u r e s  f o r  such  e q u ip m e n t .
To sum m arize , t h e  k ey  p o i n t s  i n  d e c id in g  upon  t h i s
9s p e c i f i c  phase  o f  i n v e s t i g a t i o n  a r e
(1) d i r e c t  c o n ta c t  h e a t  t r a n s f e r  r e p r e s e n t s  an 
a t t r a c t i v e  method o f  c o o l in g  and h e a t in g  n o t  
j u s t  d i r t y  g a se s  b u t  c le a n  g a se s  a s  w e l l
(2) fundam en ta l u n d e r s ta n d in g  o f  th e  d i r e c t  con­
t a c t  h e a t  t r a n s f e r  p ro c e s s  i s  la c k in g  f o r  
b a f f l e - p l a t e  and d i s c -a n d -d o n u t  c o n t a c t o r s ,  
and a c q u i s i t i o n  o f  such u n d e r s ta n d in g  would 
r e p r e s e n t  a s i g n i f i c a n t  c o n t r i b u t i o n
(3) th e  b a f f l e - p l a t e  and d is c -a n d -d o n u t  tow ers 
a r e  th e  m ost v e r s a t i l e  o f  c o n t a c t o r s ,  s in c e  
th e y  a r e  c o u n te r c u r r e n t  and s ta g e w is e  in  
n a t u r e  and c a p a b le  o f  h a n d l in g  b o th  d i r t y  
and c le a n  g a se s
(4) th e  developm ent o f  a sound process d e s ig n  
p ro c e d u re ,  t o g e th e r  w i th  n e c e s s a r y  e x p e r i ­
m e n ta l  in f o rm a t io n  f o r  u se  o f  th e  d e s ig n  
p ro c e d u re ,  would p ro v id e  a s t im u lu s  f o r  th e  
u s e  o f  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  and r e p r e ­
s e n t  a s i g n i f i c a n t  c o n t r i b u t i o n ,
CHAPTER I I  
PREVIOUS WORK
O 'D o n n e l l ,  Bowles and  G u l l e k s o n ( 3 5 )  s t u d i e d  t h e  d i r e c t  
c o n t a c t  h e a t  t r a n s f e r  i n  a t e n - f o o t  d i a m e t e r  com m erc ia l  d i s c -  
a n d - d o n u t  to w e r .  The to w e r  was u s e d  f o l lo w in g  a  s p r a y  
cham ber a s  p a r t  o f  a  sy s tem  to  c o o l  h o t  g a s  from  a c a t a l y t i c  
d e h y d r o g e n a t io n  u n i t .  O p e r a t i o n  was a t  3 p s i a .  Some c o o l ­
i n g  o i l  v a p o r i z e d  i n t o  t h e  g a s  s t r e a m  i n  t h e  s p r a y  cham ber. 
T h is  o i l  was a b s o rb e d  by  c o n t a c t  w i t h  t h e  c o o l  o i l  i n  t h e  
d i s c - a n d - d o n u t  to w e r .
O 'D o n n e l l  e t  a l  d id  n o t  f o r m u la te  an y  m odel o f  t h e  co n ­
t a c t i n g  o p e r a t i o n  and  v iew ed  i t  a s  s im p le  c o u n t e r c u r r e n t  
c o n t a c t i n g .  An o v e r a l l  e n t h a lp y  d r i v i n g  f o r c e  w as em ployed 
t o  d e f i n e  a h e a t  t r a n s f e r  c o e f f i c i e n t .  I t  w i l l  b e  e v i d e n t  
from  d i s c u s s i o n s  i n  t h e  f o l lo w in g  c h a p t e r s  t h a t  su ch  an  a n a l y  
s i s  i s  n o t  a t  a l l  a d e q u a te .  The d i r e c t  c o n t a c t  h e a t  t r a n s f e r  
s i t u a t i o n  i n v e s t i g a t e d  b y  O 'D o n n e l l  e t  a l  i s  one o f  h e a t  
t r a n s f e r  t o  a  l i q u i d  s t r e a m  w h ich  may b e  a p p r o x im a te l y  c o n ­
s i d e r e d  t o  b e  a  s i n g l e  com ponen t. The a n a l y s i s  o f  su ch  
e x p e r i m e n ta l  d a t a  i s  c o n s i d e r e d  i n  d e t a i l  i n  C h a p te r  IV . 
U n f o r t u n a t e l y ,  O 'D o n n e l l  e t  a l  d id  n o t  p r e s e n t  s u f f i c i e n t  
i n f o r m a t i o n  t o  p e r m i t  su c h  a n  a n a l y s i s .
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No o t h e r  b a f f l e - p l a t e  o r  d i s c - a n d - d o n u t  tow er s t u d i e s  
h av e  b een  r e p o r t e d .  T h ere  i s ,  o f  c o u r s e ,  o t h e r  in f o r m a t i o n  
i n  th e  l i t e r a t u r e  o f  i n t e r e s t  t o  t h i s  r e s e a r c h .  The m a j o r i t y  
o f  t h i s  w i l l  b e  r e f e r r e d  to  a s  t h e  n eed  a r i s e s .  However, 
i n  t h e  f o l lo w in g  p a r a g r a p h s ,  a  few i te m s  o f  i n t e r e s t  w i l l  
be  b r i e f l y  re v ie w e d :  h e a t  and  m ass t r a n s f e r  from g a s e s  to
s p h e re s  and  c y l i n d e r s ;  d e f i n i t i o n s  o f  mass t r a n s f e r  c o e f f i ­
c i e n t s ;  a n a l o g i e s  b e tw een  h e a t  and  m ass t r a n s f e r ;  and  th e  
a t o m iz a t io n  o f  l i q u i d  s t r e a m s .
I n  b a f f l e - p l a t e  and  d i s c - a n d - d o n u t  to w e rs ,  h e a t  and  
m ass t r a n s f e r  t a k e s  p l a c e  from a  g a s  s t r e a m  to  l i q u i d  d ro p s  
and  s t r e a m e r s .  T h is  t r a n s f e r  i s  r e l a t e d  to  t h a t  be tw een  
g a s e s  and  s o l i d  s p h e re s  and  g a s e s  and  c y l i n d e r s .  H ea t t r a n s ­
f e r  c o e f f i c i e n t s  b e tw een  t u r b u l e n t l y  f lo w in g  g as  and  s t a g g e r e d  
c y l i n d e r s  p l a c e d  t r a n s v e r s e  to  t h e  g a s  f low  a r e  g iv e n  by th e  
fo l lo w in g  e q u a t i o n (^9) :*
I f  t h e  g as  i s  f lo w in g  p a s t  a  s p h e r e ,  t h e  a p p l i c a b l e  e q u a t io n
Do uGmax PG \ 0 *6 f Cq Hq \ 0 .3 3 (1)
(2)
* A ppendix  I  p r e s e n t s  d e f i n i t i o n s  o f  sym bols . Som etim es 
sym bols w i l l  b e  d e f in e d  i n  t h e  t e x t  f o r  t h e  sa k e  o f  
e m p h a s is .
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The a v a i l a b l e  mass t r a n s f e r  c o e f f i c i e n t s  be tw een  t u r -  
b u l e n t l y  f lo w in g  g as  and  s i n g l e  c y l i n d e r s  and s p h e re s  have  
b een  c o l l e c t e d  by Sherwood and P i g f o r d . T h e y  f in d  t h a t  
f o r  c y l i n d e r s
kc Do _ „  /  Dp UG pG \ ° * V  \0 .3 3
dL -I
_ n  0 7  / po u P \ 0 » Y  M<;
°*37 V mg ) V pg dL. x ) (3)
f o r  s p h e re s  ^  ^
k c Do T /  °o  UG PG \ 2 /  P-G \ 3  I^ _ 2 . 0 [  1  +  0 . 2 7 6  ( _ _ ) ( _ _ _ )  ]  ( 4 )
D e s p i te  c o n s id e r a b le  r e s e a r c h  i n  mass t r a n s f e r ,  no s i n g l e  
mass t r a n s f e r  c o e f f i c i e n t  s ta n d s  o u t  a s  m ost fu n d a m e n ta l  o r  
m ost g e n e r a l l y  s u c c e s s f u l  i n  c o r r e l a t i n g  d a t a .  The p rob lem  
a r i s e s  b e c a u s e  o f  t h e  p a r t i a l  p r e s s u r e  o f  th e  " i n e r t "  g a s .
F o r  exam ple, we h ave  k ' s  d e f in e d  by each  o f  th e  f o l lo w in g ,  
e q u a t io n s :
Na -  kc (=A -  CA>
n A =  k Gp  (v'A -  PA)  ( 6 )
nA = k g y  (y A -  yA)  ( 7 )
na  -  r <Pa  -  pa)  (8)
PBm
»A = kc (Ha  -  Ha ) (9)
E q u a t io n s  ( 5 ) ,  (6) and  (7) a r e  n o t  fu n d a m e n ta l ly  d i f f e r e n t
from one a n o t h e r .  However, e q u a t io n s  (8) and (9) a r e .  I f  
k  i s  d e te rm in e d  u n d e r  c i r c u m s ta n c e s  such t h a t  pgm a p p ro x im a te ly
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e q u a l s  t  and  th e n  u se d  to  c a l c u l a t e  when pBm d i f f e r s  s i g ­
n i f i c a n t l y  from it, t h e  c a l c u l a t e d  v a l u e  w i l l  b e  d i f f e r e n t  
d ep e n d in g  upon w h e th e r  e q u a t io n  ( 8 ) ,  (9) o r  one o f  ( 5 ) ,  (6) 
and  (7) i s  em ployed. Sherwood and  P i g f o r d ( ^ )  u s e  e q u a t io n  
(8) a s  fu n d a m e n ta l  and  a p p e a r  to  p r e f e r  e q u a t io n  (9) a s  a 
se co n d  c h o ic e .  W estkaem per and  W h i t e ^ ^ ^  h av e  s t u d i e d  t h e  
p ro b lem  and  found  e q u a t io n s  (6) an d  (8) e q u a l l y  s a t i s f a c t o r y .  
C a i r n s  and  R o b e r ^  a l s o  s t u d i e d  t h e  p ro b lem , b u t  found  
e q u a t io n  (8) w i th  Or/pgm) r a i s e d  to  t h e  0 .8 3  power a s  t h e  
b e s t  d e f i n i t i o n .
The e f f e c t  o f  mass t r a n s f e r  on h e a t  t r a n s f e r  d u r in g  
s im u l ta n e o u s  h e a t  and m ass t r a n s f e r  h a s  n o t  r e c e i v e d  e x t e n ­
s i v e  s tu d y .  U s u a l ly ,  e x p e r im e n ta l  w ork  i s  c o n c e n t r a t e d  on 
s i t u a t i o n s  w h e re in  t h e r e  i s  h e a t  t r a n s f e r  w i th  l i t t l e  o r  no 
m ass  t r a n s f e r  and  m ass t r a n s f e r  w i t h  l i t t l e  o r  no h e a t  t r a n s ­
f e r .  C o lb u rn  and  Drew^®^ have  a n a ly z e d  th e  e f f e c t  o f  m ass 
t r a n s f e r  on h e a t  t r a n s f e r  i n  t h e  c o n d e n s a t io n  o f  a  b i n a r y  
sy s te m  o f  A and  B. C o lb u rn  and  H o u g e n ^ ^  c o n s i d e r  t h e  c o n ­
d e n s a t i o n  o f  a s i n g l e  com ponent from an  i n e r t  g a s  and  n e g l e c t  
t h e  i n f l u e n c e  o f  mass t r a n s f e r  on  h e a t  t r a n s f e r .  Sherwood 
and  P i g f o r d s t a t e  t h a t  f,i t  i s  u s u a l  to  a p p ly  o r d i n a r y  
d i f f u s i o n  and  h e a t  t r a n s f e r  e q u a t io n s  a s  th o u g h  ea c h  p r o c e s s  
w e re  o c c u r r i n g  in d e p e n d e n t ly  o f  t h e  o t h e r ” . The t o p i c  o f
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i n t e r a c t i o n  be tw een  h e a t  and mass t r a n s f e r  i s  d i s c u s s e d  a t  
some l e n g th  i n  C h a p te r  XV.
The h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  a p p e a r  to  be  
r e l a t e d  f o r  many s i t u a t i o n s ,  and t h i s  r e l a t i o n s h i p  c o n s t i ­
t u t e s  t h e  s o - c a l l e d  " a n a lo g y "  be tw een  h e a t  and m ass t r a n s f e r .  
B e d in g f ie ld  and  D r e w ^  h ave  p ro v id e d  a fo rm a l b a s i s  f o r  
t h e s e  a n a l o g i e s .  P ro b a b ly  th e  b e s t  known q u a n t i t a t i v e  r e l a ­
t i o n s h i p  i s  t h e  C h i l to n - C o lb u m  a n a lo g y ,  w hich  may be 
w r i t t e n  a s  f o l lo w s ,  f o r  (Pbju/ tt) e q u a l  to  u n i t y :
A to m iz a t io n  r e f e r s  to  t h e  d i s i n t e g r a t i o n  o f  l i q u i d  g lo b u le s  
i n t o  s m a l l  d ro p s  o f  t h e  o r d e r  o f  0 .0 0 5  in c h  i n  d ia m e te r .  P a r -
s t r a t e s  e x p e r im e n ta l ly  t h a t  a  d rop  w i l l  be  a to m iz e d  by  a  g as
v a l u e .  (Dd i s  th e  d ia m e te r  o f  t h e  d r o p . )  T h is  c r i t i c a l  v a l u e ,  
i n  t u r n ,  depends upon a " v i s c o s i t y "  g ro u p , pq a  Dd . F o r
r e l a t i v e l y  n o n - v is c o u s  l i q u i d ,  t h e  c r i t i c a l  Weber Number i s
13. I n  a d i s c - a n d - d o n u t  o r  b a f f l e - p l a t e  to w e r ,  t h e  v e l o c i t y
( 10)
The a to m iz a t io n  o f  l i q u i d s  h a s  b een  e x t e n s i v e l y  s t u d i e d .
t i c u l a r l y  i n t e r e s t i n g  i s  th e  monograph by M a r s h a l l ^ ^ )  and  
th e  r e c e n t  p u b l i c a t i o n  by  H i n z e , H i n z e  r e a s o n s  and demon-
2
s tre a m  i f  t h e  Weber Number, pq Uq D ^ /a ,  ex ceed s  a c r i t i c a l
i s  seldom  h i g h e r  th a n  10 f t / s e c  a t  no rm al p r e s s u r e s ,  w hich  
i s  i n s u f f i c i e n t  to  c a u s e  a t o m i z a t i o n .
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A lthough  th e  u l t i m a t e  i n  d rop  d i s i n t e g r a t i o n ,  a to m iz a ­
t i o n ,  h a s  been  e x t e n s i v e l y  s t u d i e d ,  t h e  l e s s  s e v e r e  s i t u a t i o n  
e n c o u n te re d  i n  b a f f l e - p l a t e  and d i s c - a n d - d o n u t  to w ers  h as  
n o t  been  so s t u d i e d .  R anz(38) p r e s e n t s  some i n t e r e s t i n g  
p h o to g ra p h s  o f  t h e  b reak u p  o f  a l i q u i d  s t re a m  em erging from 
a s m a ll  d ia m e te r  g l a s s  tu b e .
CHAPTER III
FEATURES WARRANTING STUDY IN CONVENTIONAL BAFFLE-PLATE 
AND DISC-AND-DONUT TOWERS
B a f f l e - p l a t e  and d i s c - a n d - d o n u t  tow ers  a r e  b o th  d e s ig n e d  
to  p ro d u ce  a c u r t a i n  o f  l i q u i d  th ro u g h  w hich  th e  v a p o r  m ust 
p a s s .  I n  sm a ll  d ia m e te r  to w ers  t h e  d i s c - a n d - d o n u t  a r r a n g e ­
m ent u s u a l l y  p ro v id e s  th e  l a r g e r  amount o f  c u r t a i n  a r e a  p e r  
u n i t  o f  tow er volum e; how ever, i n  l a r g e  d ia m e te r  to w e rs ,  th e  
b a f f l e - p l a t e  a r ra n g e m e n t i s  more e f f i c i e n t  i n  t h i s  r e s p e c t .
I t  i s  in te n d e d  t h a t  t h i s  r e s e a r c h  sh o u ld  p r o v id e  in f o r m a t io n  
u s e f u l  f o r  th e  d e s ig n  o f  b o th  o f  t h e s e  c o n t a c t o r s .
D uring  t h i s  r e s e a r c h ,  no p a r t i c u l a r  e f f o r t  w i l l  be  made 
to  im prove th e  in t im a c y  o f  c o n t a c t i n g  a c h ie v e d  by th e  co n ­
v e n t i o n a l  b a f f l e - p l a t e  and d i s c - a n d - d o n u t  to w e r s .  As p r e ­
v i o u s l y  m e n tio n e d , t h e r e  a r e  good r e a s o n s  f o r  t h e  p o p u l a r i t y  
o f  t h e s e  to w e r s .  Thus, t h e  p h i lo s o p h y  i s  a d o p te d  t h a t  th e  
m ost d e s i r a b l e  f i r s t  o b j e c t i v e s  a r e  a knowledge o f  t h e  con­
t a c t i n g  i n  t h e s e  to w e rs ,  a s  th e y  a r e  p r e s e n t l y  c o n s t r u c t e d ,  
and  t h e  know ledge and p ro c e d u re s  r e q u i r e d  to  d e s ig n  th e s e  
to w e rs  w i th  c o n f id e n c e .  I n  c o n n e c t io n  w i th  t h i s  p h i lo s o p h y ,  
r e f e r e n c e  i s  made to  t h e  f i e l d  o f  d i s t i l l a t i o n  w h e re in  t h e r e  
h a s  b een  an  e x t e n s iv e  s e a r c h  f o r  c o n t a c t o r s  b e t t e r  th a n  th e  
b u b b le -c a p  p l a t e . ( 2 8 , 4 5 )  j n g e n e r a l  t h e  s e a r c h  h a s  b een  
w i th o u t  s p e c t a c u l a r  r e w a rd s .  T h is  i s  t o  b e  e x p e c te d ,  b e c a u s e
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one r e a l i z e s  an  economic g a in  from th e  deve lopm ent o f  a new 
and  more e f f i c i e n t  c o n t a c t o r  o n ly  a f t e r  d e s ig n  m ethods f o r  
t h e  new c o n t a c t o r  a r e  a s  p r e c i s e  a s  th o s e  f o r  t h e  b u b b le -c a p  
p l a t e  so t h a t  th e  new c o n t a c t o r  can  be  s i z e d  w i th o u t  c o s t l y  
s a f e t y  f a c t o r s .
S in c e  t h i s  r e s e a r c h  w i l l  be  co n cern ed  w i th  s im u la t in g  
t h e  c o n t a c t i n g  a c h ie v e d  i n  c o n v e n t io n a l  b a f f l e - p l a t e  and 
d i s c - a n d - d o n u t  to w e rs ,  i t  i s  a p p r o p r i a t e  t h a t  th e  t y p i c a l  
f lo w s h e e t s  and m e c h a n ic a l  d e s ig n  f e a t u r e s  a s s o c i a t e d  w i th  
t h e s e  to w ers  be  d i s c u s s e d  a t  t h i s  t im e .  A lso ,  t h e  d e s ig n  
m ethods u sed  i n d u s t r i a l l y  w i l l  be  sum m arized. Such d i s ­
c u s s io n s  w i l l  p o i n t  o u t  f a c t o r s  w hich sh o u ld  be s tu d i e d  
d u r in g  a r e s e a r c h  program  c o n c e rn in g  th e s e  to w e rs .
T y p ic a l  Commercial A p p l i c a t i o n s  and F lo w sh e e ts
As m en tio n ed  i n  C h a p te r  1, t h e  a b i l i t y  to  h a n d le  d i r t y  
g a s  s t re a m s  i s  one o f  t h e  s t r o n g - p o i n t s  o f  d i r e c t  c o n t a c t  
h e a t  t r a n s f e r  eq u ip m en t. Two t y p i c a l  i n d u s t r i a l  exam ples 
a r e  t h e  fo l lo w in g :
(1) B a f f l e - p l a t e  o r  d i s c - a n d - d o n u t  to w ers  a r e  u s u a l l y  
employed im m ed ia te ly  fo l lo w in g  th e  c a t a l y t i c  c r a c k ­
in g  equ ipm ent i n  t h e  p e t ro le u m  i n d u s t r y .  0*3) The 
to w ers  s e r v e  to  c o o l  t h e  h o t  g as  w h ich  c o n t a i n s  en­
t r a i n e d  ca rb o n  and  c a t a l y s t ,  an d , a l s o ,  t o  remove 
t h i s  ca rb o n  and  c a t a l y s t .
(2) B a f f l e - p l a t e  o r  d i s c - a n d - d o n u t  to w e rs  a r e  employed
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In  t h e  "wash" s e c t i o n  o f  vacuum f l a s h  to w ers  i n
th e  p e t ro le u m  i n d u s t r y . ^   ^ I t  i s  e s s e n t i a l  i n
t h i s  a p p l i c a t i o n  t h a t  p r e s s u r e  d rop  th ro u g h  th e  
to w ers  b e  s m a l l .
The o v e r a l l  f lo w s h e e ts  embodying d i r e c t  c o n t a c t  h e a t  
t r a n s f e r  to w ers  a r e  u s u a l l y  one o f  t h e  ty p e s  i n d i c a t e d  by 
F ig u r e s  3, 4 o r  5 . F ig u re  3 shows th e  t y p i c a l  f lo w s h e e t  when 
th e  l i q u i d  employed i s  r e l a t i v e l y  n o n - v o l a t i l e  and does n o t
s i g n i f i c a n t l y  v a p o r i z e  i n  t h e  c o n t a c t o r .  F ig u re  4 d i s p l a y s
th e  o th e r  ex tre m e , w h e re in  a l l  o f  th e  h e a t  removed by  th e  
l i q u i d  r e s u l t s  from v a p o r i z a t i o n  o f  th e  l i q u i d .  N o t ic e  t h a t  
makeup l i q u i d  u s u a l l y  comes from a p a r t i a l  co n d e n se r  p la c e d  
on th e  e f f l u e n t  g as  s t re a m  o r  from th e  bo ttom  o f  a d i s t i l l a ­
t i o n  tow er employed i n  t h e  r e c t i f i c a t i o n  o f  t h e  e f f l u e n t  gas 
s t r e a m .  F r e q u e n t ly ,  t h e  l i q u i d  i s  an  o i l  o f  n a rro w  b o i l i n g  
r a n g e ,  and i t  may be  c o n s id e r e d  a p p ro x im a te ly  a s  a s i n g l e  
com ponent. F ig u r e  5 p r e s e n t s  t h e  i n t e r m e d i a t e  s i t u a t i o n ,  
w h e re in  t h e  l i q u i d  s t re a m  i s  c o o le d  i n  an  ex c h an g e r  and 
s im u l ta n e o u s ly  p a r t i a l l y  v a p o r iz e d .
No one o f  t h e s e  equ ipm ent a r ra n g e m e n ts  i s  b e s t  f o r  a l l  
s i t u a t i o n s .  F o r  exam ple , i f  i t  i s  v e r y  d e s i r a b l e  t h a t  th e  
c o o l in g  l i q u i d  n o t  b e  in t r o d u c e d  i n t o  t h e  p r o c e s s ,  th e n  th e  
f lo w s h e e t  shown i n  F ig u r e  3 w i l l  be  u s e d .  F u r th e rm o re ,  u n d e r  
such  c i r c u m s ta n c e s ,  e v e ry  e f f o r t  w i l l  be  made to  u s e  a l i q u i d  
o f  a s  h ig h  a  b o i l i n g  p o i n t  a s  p r a c t i c a l  and  to  m in im iz e  l o s s
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^  Cool G aa , S o l id s 'F r e e  + 
T r a c e  o f  V cxpor ized  
Cooling L iq u id
• Liquid Discard  
to P r e v e n t  
Solids Bui ld-Up
Cooling W a te r
BAFFLE-PLATE OR 
D I S C -A N D -D O N U T  
TOWER
T U B U L A R
HEAT
EXCHANGER
Out  
Cooling W a t e r
Hot G a s  + 
E n tr a in e d  
S o lid s
R elatively  N on-  
V olatile  L iq u id
L iqu id
M ak eu p
F i g u r e  3
TYPICAL FLOWSHEET FOR DIRECT CONTACT 
HEAT T R A N S F E R  WITH NO VAPORIZATION
OF COOLING LIQUID
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Cool <5cts
TUBULAR
c o n d e n s e r
KNOCK-OUT
DRUM
O ut
Cooling W a te r
C ondensed Liquid 
R ecycled  to 
T ow er a s  M ak e -u p
| To C o n d e n s e r  or
D is t i l la t io n  Tower
Cool G a s ,  Solids  F re e  
+ V aporized  
Cooling L iquid
DISTILLATION
TOWER
Hot L iq u id
BAFFLE- PLATE OR 
DISC-AND-DONUT 
TOWER Bottoms Product
Hot G a s  + 
E n t r a in e d  
S o l i d s
Liquid R e c y c le d  
to Tower a s  
M a k e  • u p
R ela tively
Volatile
L iq u id
. L iq u id  D i s c a r d  to P re v e n t  
Solids Bui/d-up
Liquid M a k e - U p
From C o n d e n s e r  or
D is ti l la t ion  T o w e r  FiGURE. 4
T Y P IC A L  FLO W SH EET FOR DIRECT CONTACT 
HEAT T R A N S F E R  WITH
ADIABATIC OPERATION OF THE CONTACTOR
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PARTIAL CONDENSER 
OR
DISTILLATION TOWER 
S e e  F i g u r e  4
Cool G a s , 
Sol id s - F re e  
+
V aporized
Cooling
L iq u id
Liquid  D iscard  
to Prevent 
Solids Build-(Jp
BAFFLE-PLATE OR 
d i s c -a n d - d o n u t
TOWER
TUBULAR
HEAT
EXCHANGER
R e la t iv e ly  
V o la t i l e  
L iq u id — -
Liquid M ake d j£
F i g u r e  5
TYPICAL FLOWSHEET-FOR DIRECT CONTACT 
HEAT TRANSFER WITH 
COOLING OF TH E LIQUID PLUS PARTIAL 
VAPORIZATION OF THE LIQUID
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o f  t h i s  l i q u i d  i n t o  t h e  gas  s t r e a m  v i a  e n t r a in m e n t  by em­
p lo y in g  w ire -m esh  d e m is te r s  o r  s i m i l a r  e q u ip m en t .  On th e  
o t h e r  h a n d , i f  i n t r o d u c t i o n  o f  t h e  c o o l in g  l i q u i d  i s  n o t  
o b j e c t i o n a b l e  from th e  p o i n t  o f  v iew  o f  f u r t h e r  p r o c e s s in g  
o f  th e  g a s  s t r e a m , t h e  f lo w s h e e t s  shown i n  F ig u r e s  4 and 5 
o f t e n  p ro v e  more e c o n o m ic a l .  Under any  c i r c u m s ta n c e s ,  i f  
t h e  g a s  s t r e a m  i s  d i r t y ,  i t  i s  c le a n e d  by  d i r e c t  c o n t a c t  
w i th  t h e  l i q u i d .  T h is  o f t e n  r e p r e s e n t s  an  e c o n o m ic a l ly  a t ­
t r a c t i v e  m ethod o f  c l e a n i n g  t h e  s t r e a m .
M e c h a n ic a l  D es ig n  F e a t u r e s
I n  t h i s  s e c t i o n  t h e  m e c h a n ic a l  d e s ig n  f e a t u r e s  co nven ­
t i o n a l l y  em ployed on b a f f l e - p l a t e  and  d i s c - a n d - d o n u t  to w ers  
w i l l  b e  d e s c r i b e d .  Some o f  t h e s e  f e a t u r e s  a r e  r e l a t e d  to  
t h e  in t im a c y  o f  c o n t a c t i n g  a n d ,  c o n s e q u e n t ly ,  a r e  p e r t i n e n t
t o  t h i s  r e s e a r c h .  O th e r s  h a v e  a  b a s i s  w h ich  i s  n o n - p ro c e s s
»
i n  n a t u r e  (su c h  a s  t h e  minimum recommended p l a t e - s p a c i n g  
w h ich  i s  d i c t a t e d  p r i m a r i l y  by  c o n s i d e r a t i o n  o f  a c c e s s i b i l i t y  
f o r  m a in t e n a n c e ) . I t  i s  n o t  n e c e s s a r y  to  s tu d y  t h e s e  l a t t e r  
f e a t u r e s ,  b u t  r a t h e r  t o  s im p ly  r e c o g n i z e  and  employ them i n  
t h e  e x p e r im e n ta l  m o d e l.
Each o f  t h e  p e r t i n e n t  m e c h a n ic a l  d e t a i l s  w i l l  now b e  
d e s c r i b e d .  F ig u r e s  6 and  7 show t h e s e  f e a t u r e s  a s  th e y
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a p p e a r  i n  th e  b a f f l e - p l a t e  and d i s c - a n d - d o n u t  to w e rs ,  
r e s p e c t i v e l y .
(1) P l a t e  S pac ing
P l a t e  s p a c in g s  r a n g e  from e ig h te e n  in c h e s  to  t h r e e  
f e e t .  A minimum sp a c in g  o f  one f o o t  i s  recommended 
to  p ro v id e  s u f f i c i e n t  a c c e s s i b i l i t y  f o r  m a in te n a n c e .
(2) P l a t e  W idths
The w id th s  o f  th e  b a f f l e  p l a t e s  and  th e  d i s c s  and 
d o n u ts  a r e  u s u a l l y  such t h a t  t h e r e  i s  a gap be tw een  
th e  o u t e r  edges o f  a p l a t e  and t h a t  above i t .  See 
d im ension  "A" i n  F ig u re s  6 and 7. T h is  gap may ra n g e  
from ze ro  to  f i f t y  p e r  c e n t  o f  t h e  p l a t e  s p a c in g .
(3) W eirs
N in e ty -d e g re e  V -n o tch ed  w e i r s  a r e  u s u a l l y  employed 
when th e  l i q u i d  r a t e  i s  low (o f  t h e  o r d e r  o f  600 
l b / h r - f t  o f  w e i r ) .
(4) P l a t e  S lo p in g
Sometimes th e  p l a t e s  a r e  s lo p e d  a b o u t  one in c h  p e r  
f o o t .  The t h in k i n g  i s  t h a t  t h i s  s lo p e  w i l l  d e c r e a s e  
t h e  r a t e  o f  b u i ld u p  o f  s o l i d s  on t h e  p l a t e s  when 
th e  g as  b e in g  h a n d le d  i s  d i r t y .
(5) R a d ia l  B a f f l e s
I n  d i s c r a n d - d o n u t  to w e rs ,  r a d i a l  b a f f l e s  a r e  u s u a l l y  
p la c e d  on b o th  d i s c s  and  d o n u ts  to  p r e v e n t  c h a n n e l ­
in g  o f  t h e  l i q u i d  w hich  m ig h t  o th e r w is e  o c c u r  a s  a 
r e s u l t  o f  a s l i g h t  l a c k  o f  l e v e l n e s s  o f  t h e  p l a t e s .
P ro c e s s  D esign  P ro c e d u re s
T h e re  a r e  no p u b l i s h e d  p r o c e s s  d e s ig n  p ro c e d u r e s  f o r  
d i r e c t  c o n t a c t  h e a t  t r a n s f e r  i n  b a f f l e - p l a t e  o r  d i s c - a n d - d o n u t
9 0 °  V -N otc h  Wair
/
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to w e rs .  I n d i v i d u a l  com panies have s u g g e s te d  p r o c e d u r e s  w i t h i n  
t h e i r  f i l e s h owever> th e s e  a r e  s t r i c t l y  e m p i r i c a l  and 
unsound  i n  many r e s p e c t s .  The a u th o r  h as  o b se rv e d  t h e s e  to  
c o n t a in  t h e  fo l lo w in g  f e a t u r e s :
(1) When c a l c u l a t i n g  t h e  h e a t  to  be  t r a n s f e r r e d ,  no 
d i f f e r e n t i a t i o n  i s  made betw een  s e n s i b l e  h e a t  
t r a n s f e r  and h e a t  t r a n s f e r r e d  by c o n d e n s a t io n  o r  
e v a p o r a t io n  o f  t h e  l i q u i d .  Thus th e  m ethods do 
n o t  t a k e  i n t o  a c c o u n t  t h a t  th e  p rob lem  o f t e n  a t  
hand i s  t r u l y  one o f  s im u l ta n e o u s  h e a t  and  mass 
t r a n s f e r .
(2) A lo g a r i t h m ic  mean te m p e r a tu r e  d i f f e r e n c e  i s  u se d  
a s  th e  d r i v i n g  f o r c e  f o r  h e a t  t r a n s f e r .  U n le s s  th e  
l i q u i d  f low  i s  i s o t h e r m a l ,  t h i s  i s  t h e  c o r r e c t  d r i v ­
in g  f o r c e  o n ly  i f  (a) t h e r e  i s  no mass t r a n s f e r  and 
(b) f lo w  th ro u g h  t h e  c o n t a c t o r  i s  t r u l y  c o u n t e r -  
c u r r e n t .  I f  t h e  l i q u i d  i s  s u f f i c i e n t l y  n o n - v o l a t i l e  
and t h e  g as  n o t  a t  i t s  dew p o i n t ,  mass t r a n s f e r  w i l l  
b e  s m a l l ;  how ever, f low  th ro u g h  th e  c o n t a c t o r s  i s  
n o t  t r u l y  c o u n t e r c u r r e n t ,  a s  w i l l  b e  d i s c u s s e d  i n  
t h e  n e x t  c h a p t e r .
(3) The c o e f f i c i e n t  o f  h e a t  t r a n s f e r  i s  c o r r e l a t e d  a s  
a  f u n c t io n  o f  l i q u i d  and v a p o r  r a t e s  p e r  u n i t  o f
"open’1 a r e a .  The "open"  a r e a  r e f e r s  to  t h e  h o le
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i n  th e  d o n u t ,  f o r  exam ple . No a c c o u n t  i s  ta k e n  o f  
th e  l i q u i d  and v a p o r  p h y s i c a l  p r o p e r t i e s ,  th e  p l a t e  
s p a c in g ,  th e  p l a t e  g ap , e t c .
O b v io u s ly ,  t h e  o n ly  r e a s o n  t h a t  t h e s e  unsound d e s ig n  p r o ­
c e d u re s  have  m et w i th  any  s u c c e s s  i s  t h a t  th e y  have  been  u se d  
to  d e s ig n  equipm ent h av in g  d im e n s io n s  and h a n d l in g  f l u i d s  
v e r y  s i m i l a r  to  th e  equipm ent o r i g i n a l l y  u se d  to  d ev e lo p  th e  
p r o c e d u r e s .
F e a t u r e s  W a rra n t in g  S tudy
I n  a c c o rd a n c e  w i th  t h e  p r e c e d in g  d i s c u s s i o n ,  th e  fo l lo w ­
in g  f e a t u r e s  w a r r a n t  s tu d y .
From th e  p o i n t  o f  v iew  o f  com m ercia l a p p l i c a t i o n s . . ,
(1) P r e s s u r e  drop to  be  e x p e c te d  u n d e r  d i f f e r e n t  o p e r a t ­
in g  c o n d i t io n s
(2) E f f i c i e n c y  o f  th e  c o n t a c t o r s  a s  d e v ic e s  f o r  rem oving 
e n t r a i n e d  s o l i d s
From t h e  p o i n t  o f  v iew  o f  m e c h a n ic a l  d e s ig n  f e a t u r e s . . .
(1) P l a t e  sp a c in g  and i t s  i n f l u e n c e  on h e a t  t r a n s f e r
(2) P l a t e  w id th s  i n s o f a r  a s  t h e  gap be tw een  p l a t e s  i n ­
f lu e n c e s  h e a t  t r a n s f e r
(3) W eirs  and t h e i r  i n f l u e n c e  on h e a t  t r a n s f e r
I t  does  n o t  a p p e a r  n e c e s s a r y  to  s tu d y  th e  i n f l u e n c e s  
o f  r a d i a l  b a f f l e s  i n  d i s c - a n d - d o n u t  to w ers  and th e  s l o p ­
in g  o f  p l a t e s  i n  t h e  c o n t a c t o r s  s in c e  t h e i r  i n f l u e n c e s  
a r e  u n d o u b te d ly  s m a l l .
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From th e  p o in t  o f  view  o f  a p ro c e s s  d e s ig n  p r o c e d u r e . . ,
I t  w i l l  be  n e c e s s a r y  to  s tu d y  th e  n a t u r e  o f  th e  con­
t a c t i n g  and deve lop  sound p ro c e s s  d e s ig n  p r o c e d u r e s, 
b ec au se  e x i s t i n g  te c h n iq u e s  a r e  t o t a l l y  in a d e q u a te .
CHAPTER IV
ANALYSIS OF SEVERAL IMPORTANT HEAT TRANSFER SITUATIONS 
IN BAFFLE-PLATE AND DISC-AND-DONUT TOWERS
S i t u a t i o n s  to  be A nalyzed
I n  t h i s  c h a p te r  a model o f  th e  g a s - l i q u i d  c o n ta c t in g  
w hich o c c u rs  in  b a f f l e - p l a t e  and d is c -a n d -d o n u t  tow ers  
w i l l  be  p ro p o sed . T h is  model w i l l  th e n  be u t i l i z e d  to  make 
d e t a i l e d  a n a ly s e s  o f  s e v e r a l  im p o r ta n t  d i r e c t  c o n t a c t  h e a t  
t r a n s f e r  s i t u a t i o n s .  These a n a ly s e s  w i l l  r e s u l t  i n  methods 
f o r  t r e a t i n g  l a b o r a to r y  d a ta  on b a f f l e - p l a t e  and d i s c - a n d -  
donu t tow ers  to  o b ta in  fundam enta l h e a t  and mass t r a n s f e r  
p a r a m e te r s ,  and , a l s o ,  i n  d e s ig n  methods u s e f u l  f o r  s i z in g  
th e  to w e rs .  The m odel, d e r i v a t i o n s  and d e s ig n  m ethods in  
t h i s  c h a p te r  a r e  n o t  i n  th e  l i t e r a t u r e  and a r e  one o f  th e  
im p o r ta n t  c o n t r i b u t i o n s  o f  t h i s  d i s s e r t a t i o n .
The fo l lo w in g  c a se s  w ere  chosen  f o r  s tu d y :
(1) D i r e c t  c o n ta c t  h e a t  t r a n s f e r  w i th  no mass 
t r a n s f e r
(2) D i r e c t  c o n ta c t  h e a t  t r a n s f e r  w i th  mass t r a n s f e r  
from a p u re  l i q u i d  f l o w i n g 'a t  a c o n s ta n t  
te m p e ra tu re
(3) D i r e c t  c o n ta c t  h e a t  t r a n s f e r  w i th  mass t r a n s f e r  
from a p u re  l i q u i d  n o t  f low ing  a t  a c o n s ta n t  
te m p e ra tu re
(4) The g e n e r a l  c a s e  o f  s im u lta n e o u s  h e a t  and mass 
t r a n s f e r .
Case (1) r e p r e s e n t s  th e  s i t u a t i o n  w h e re in  d i r e c t  c o n t a c t
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h e a t  t r a n s f e r  ta k e s  p la c e  betw een a r e l a t i v e l y  n o n - v o l a t i l e  
l i q u i d  and a r e l a t i v e l y  i n s o l u b l e ,  n o n -c o n d e n sa b le  g a s .  As 
n o te d  i n  th e  p re v io u s  c h a p te r ,  t h i s  c a se  i s  o f  c o n s id e r a b le  
com m ercia l im p o r ta n c e .  See F ig u re  3. L a b o ra to ry  ex p e rim en ts  
u s in g  a system  such as  a i r  and o i l  ap p ro x im ate  t h i s  c a s e .
Case (2) r e p r e s e n t s  th e  s i t u a t i o n  w h e re in  d i r e c t  con­
t a c t  h e a t  t r a n s f e r  ta k e s  p la c e  betw een a p u re  v o l a t i l e  
l i q u i d  and a r e l a t i v e l y  i n s o l u b l e ,  n o n -c o n d e n sab le  g a s .  The 
l i q u i d  i s  e n v is io n e d  to  flow  a t  a c o n s ta n t  t e m p e r a t u r e - - t h a t  
i s ,  th e  h e a t  t r a n s f e r  r a t e  i s  e x a c t l y  t h a t  r e q u i r e d  to  su pp ly  
t h e  en e rg y  f o r  th e  mass t r a n s f e r .  As n o te d  i n  th e  p re v io u s  
c h a p te r ,  t h i s  c a se  i s  a l s o  o f  c o n s id e r a b le  i n d u s t r i a l  im por­
t a n c e .  See F ig u r e  4. L a b o ra to ry  ex p e r im en ts  perfo rm ed  u nder  
a d i a b a t i c  c o n d i t io n s  w i th  co n t in u o u s  r e c y c l e  o f  a p u re  v o l a ­
t i l e  l i q u i d  a r e  r e p r e s e n te d  by t h i s  c a s e .  For exam ple, 
suppose  w a te r  and a i r  a r e  u se d  i n  a l a b o r a to r y  to w er , and 
th e  w a te r  i s  c o n t in u o u s ly  r e c y c l e d .  E v e n tu a l ly ,  th e  tem p era ­
t u r e  o f  th e  w a te r  w i l l  re a c h  a s t e a d y - s t a t e  v a lu e .  T h e re ­
a f t e r  w a te r  w i l l  f low  down th e  tow er w i th  no change i n  
te m p e r a tu r e .  A i r - w a te r  e x p e r im en ts  u n d er  such  c o n d i t io n s  
a r e  u s u a l l y  r e f e r r e d  to  a s  " a d i a b a t i c  h u m id i f i c a t i o n s  r u n s " .
Case (3) i s  i d e n t i c a l  w i th  Case (2) e x c e p t  t h a t  th e  
p u r e  l i q u i d  i s  h e a te d  o r  c o o le d  by  th e  gas i n  i t s  p a s sa g e
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down th e  to w e r .  Case (3) i s  a l s o  o f  i n d u s t r i a l  im p o r ta n c e ,  
a l th o u g h  p e rh a p s  n o t  so im p o r ta n t  a s  C ases (1) and  ( 2 ) .  
F ig u r e  5 o f  t h e  p re c e d in g  c h a p te r  would be  an  exam ple o f  
Case ( 3 ) ,  i f  t h e  l i q u i d  w ere  a s i n g l e  p u re  com ponent. Some­
t im e s ,  how ever, th e  l i q u i d  may n o t  be  c o n s id e r e d  a s i n g l e  
p u re  com ponent. T h is  l e a d s  u s  to  Case (4 ) .
Case (4) r e p r e s e n t s  t h e  m ost complex i n d u s t r i a l  s i t u a ­
t i o n ,  w h e re in  t h e  l i q u i d  i s  h e a te d  and p a r t i a l l y  v a p o r i z e d .  
The l i q u i d  p h ase  i s  a m u lt ico m p o n en t m ix tu r e ,  many o f  whose 
com ponents a r e  s o lu b l e  i n  th e  l i q u i d  p h ase  a t  th e  c o n d i t io n s  
o f  t h e  to w er ,  Seldom sh o u ld  i t  b e  n e c e s s a r y  to  r e s o r t  to  a 
d e t a i l e d  s o l u t i o n  o f  t h i s  c a s e ,  s in c e  m ost o f  th e  s i t u a t i o n s  
o f  im p o r ta n c e  can  be ap p ro x im a te d  by one o f  th e  p r e c e d in g  
c a s e s .  Case (4) i s  n o t  a t t r a c t i v e  a s  an  e x p e r im e n ta l  s i t u a ­
t i o n  f o r  o b t a i n i n g  fu n d am e n ta l  h e a t  and mass t r a n s f e r  
in f o r m a t i o n .
Model o f  t h e  G a s -L iq u id  C o n ta c t in g
Based upon v i s u a l  s t u d i e s  o f  th e  g a s - l i q u i d  c o n t a c t i n g  
i n  an  e x p e r im e n ta l  b a f f l e - p l a t e  to w e r ,  a  model o f  t h e  con ­
t a c t i n g  o p e r a t i o n  h a s  b een  fo rm u la te d .  C h a p te r  V I I ,  p ag es  
115-116 , p r e s e n t s  d e t a i l e d  o b s e r v a t io n s  o f  th e  g a s - l i q u i d  
c o n t a c t i n g  and. c o n c lu s io n s  from t h e s e  o b s e r v a t i o n s .  R e f e r ­
r i n g  to  F ig u r e  8 , t h e  c h a r a c t e r i s t i c s  o f  t h e  m odel a r e  a s
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f o l l o w s :
(1) The p r i n c i p a l  g a s - l i q u i d  c o n ta c t in g  o c c u rs  w h i le  
th e  l i q u i d  i s  e n ro u te  from one p l a t e  to  a n o th e r .
No s i g n i f i c a n t  c o n ta c t in g  o cc u rs  w h i le  th e  l i q u i d  
i s  on a p l a t e .
(2) L iq u id  flow s from one p l a t e  to  a n o th e r  w i th  no 
backm ixing w h i le  e n ro u te .
(3) The h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  based  on 
th e  s u p e r f i c i a l  a r e a  o f  th e  c u r t a i n  a r e  th e  same 
a t  a l l  p o in t s  a lo n g  th e  c u r t a i n  o f  l i q u i d .
(4) Gas i s  c o m p le te ly  mixed p r i o r  to  p a s s in g  th rough  
each c u r t a i n  o f  l i q u i d .
(5) The l i q u i d  phase  i s  c o m p le te ly  mixed i n  th e  d i ­
r e c t i o n  p e r p e n d ic u la r  to  th e  d i r e c t i o n  o f  l i q u i d  
f low .
(6) L iq u id  e n t ra in m e n t  from each c u r t a i n  to  th e  c u r ­
t a i n s  above i s  n e g l i g i b l e .
T h is  model i s  a d m i t t e d ly  i d e a l i z e d  in  some r e s p e c t s ;  
how ever, i t  i s  a compromise betw een a c c u ra c y  o f  r e p r e s e n t a ­
t i o n  o f  th e  a c t u a l  c o n ta c t in g  and e a s e  o f  m a n ip u la t io n  o f  
th e  m a th e m a tic a l  r e s u l t s  from th e  m odel. I t  i s  w o rth w h ile  
m e n tio n in g  t h a t  s l i g h t  in a d e q u a c ie s  in  a model u s u a l l y  have 
o n ly  a  sm a ll  i n f lu e n c e  on th e  s i z i n g  o f  l a r g e  to w e rs ,  s in c e  
t h e  same model i s  u se d  to  c o r r e l a t e  e x p e r im e n ta l  d a ta  and to  
s i z e  l a r g e  to w e rs .
D i r e c t  C o n ta c t  H eat T r a n s f e r  W ith  No Mass T r a n s f e r
The o v e r a l l  f low  o f  l i q u i d  and v ap o r  i n  a b a f f l e - p l a t e
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(I) T h e  P rin cip a l  C ontacting is 
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/ { Z)  L iq u id  F lo w s  w ith  
no Back-mixing.
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I
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I
F i g u r e  8
CHARACTERISTICS OF T H E  MODEL 
OF T H E  
CONTACTING PROCESS
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o r  d i s c - a n d - d o n u t  tow er i s  c o u n t e r c u r r e n t ;  how ever, t h e  
l i q u i d  and v a p o r  a r e  i n  c r o s s f lo w  a s  th e y  c o n t a c t  one a n ­
o t h e r  i n  each  c u r t a i n .  T h is  f a c t  m ust b e  c o n s id e r e d  i n  
r e a s o n in g  w hat i s  t h e  p ro p e r  te m p e r a tu r e  d i f f e r e n c e  d r i v i n g  
f o r c e  f o r  h e a t  t r a n s f e r .
L e t u s  fo c u s  o u r  a t t e n t i o n  on a sm a ll  volume o f  c u r t a i n  
o f  w id th  W, l e n g th  d l ,  and  h e i g h t  dZ. See F ig u r e s  9 and 10. 
An " o v e r a l l  v o lu m e t r ic  c o e f f i c i e n t  o f  h e a t  t r a n s f e r " ,  Uga, 
may b e  d e f in e d :
UGa; = h e a t  t r a n s f e r r e d / u n i t  o f  c o n t a c t i n g  volume -  u n i t  
o f  t e m p e r a tu r e  d i f f e r e n c e  be tw een  g as  and  l i q u i d .
Uga i s  v i s u a l i z e d  a s  th e  p ro d u c t  o f  Uq and a ,  w here
UG « h e a t  t r a n s f e r r e d / u n i t  o f  g a s - l i q u i d  i n t e r f a c i a l  
a r e a  -  u n i t  o f  t e m p e r a tu r e  d i f f e r e n c e  be tw een  
th e  g a s  and l i q u i d
a = g a s - l i q u i d  i n t e r f a c i a l  a r e a / u n i t  o f  c o n t a c t i n g  
volum e.
F u r t h e r ,  Uga i s  an  " o v e r a l l "  c o e f f i c i e n t  w hich  i s  r e l a t e d  to  
i n d i v i d u a l  c o e f f i c i e n t s  f o r  t h e  l i q u i d  and  g as  p h a s e s  by th e  
e q u a t io n :
1 = _ 1 _  . 1 
Uga h ^a  hga
w here  hj-a = v o lu m e t r ic  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e
l i q u i d  p h ase
hga = v o lu m e t r ic  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  
v a p o r  p h a s e .
U| 
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Temperature T0
Liquid Globules
Direction of 
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OF THE 
LIQUID CURTAIN
NOTE.'. This is a side view. The element extends a 
distance, W, into the plane of the paper.
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I t  sh o u ld  be  m en tio n ed  t h a t  th e  ty p e  o f  a n a l y s i s  em­
p lo y e d  i n  t h i s  r e s e a r c h  in v o lv e s  two a s s u m p t io n s .  T hese a r e
(1) e q u i l ib r iu m  e x i s t s  a t  th e  i n t e r f a c e - - t h a t  i s ,  t h e r e  i s  
no c o n t a c t  r e s i s t a n c e  to  h e a t  t r a n s f e r  a t  th e  i n t e r f a c e ;  and
(2) th e  r a t e  o f  h e a t  t r a n s f e r  i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  
o v e r a l l  te m p e ra tu re  d i f f e r e n c e .  On th e  o th e r  han d , t h i s  ty p e  
o f  a n a l y s i s  does n o t  assume t h a t  t h e r e  a r e  two " la m in a r  
f i lm s "  a d j a c e n t  to  th e  i n t e r f a c e  w hich  o f f e r  th e  p r i n c i p a l  
r e s i s t a n c e s  to  h e a t  t r a n s f e r ,  a s  p ro p o sed  by W hitman’ s two- 
f i l m  t h e o r y . N o r  does t h i s  a n a l y s i s  assume a mechanism 
o f  i n t e r p h a s e  h e a t  t r a n s f e r  a s  su g g e s te d  by th e  more r e c e n t  
" p e n e t r a t i o n "  t h e o r i e s  o f  i n t e r p h a s e  t r a n s f e r . Each 
o f  t h e s e  t h e o r i e s  em bodies th e  a s su m p tio n  o f  e q u i l ib r iu m  a t  
t h e  i n t e r f a c e  and le a d s  to  a d i r e c t  p r o p o r t i o n a l i t y  be tw een  
t h e  o v e r a l l  t e m p e r a tu r e  d i f f e r e n c e  and th e  r a t e  o f  h e a t  t r a n s ­
f e r  betw een  th e  p h a s e s .  I t  h a s  been  s u g g e s te d  t h a t  th e  l e s s  
r e s t r i c t i v e  s e t  o f  a s su m p tio n s  such  a s  t h a t  p r e s e n t l y  b e in g  
u s e d  b e  r e f e r r e d  to  a s  th e  " tw o -p h a se  r e s i s t a n c e "  th e o r y .
Making an  e n e rg y  b a la n c e  a b o u t  th e  volume W d l  dZ and 
u t i l i z i n g  th e  d e f i n i t i o n  o f  Uga:
- G W d l  cG dT = UGa W d l  dZ (T -  t )  (2)
N o t ic e  t h a t  G i s  a  s u p e r f i c i a l  mass v e l o c i t y  o f  t h e  g a s  b a sed  
upon  t h e  c r o s s - s e c t i o n a l  a r e a  o f  th e  c u r t a i n  W 1,
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R e a rra n g in g  e q u a t io n  (2).: 
Uga dZ -dT
(3)G eg T - t
I n  acco rd an c e  w ith  c h a r a c t e r i s t i c  (5) o f  th e  m odel, t
i s  c o n s t a n t ,  and one may i n t e g r a t e  e q u a t io n  (3) from 0 to  Z
and to  TQ to  o b ta in :
(Uga Z)av
= In
Tj_ - t  
To ~ t
(4)G eg
(Uga Z)av d e n o te s  th e  r e s u l t  o f  i n t e g r a t i n g  Uga dZ from 0 to  
Z w i th  th e  p o s s i b i l i t y  t h a t  Uga v a r i e s  w i th  Z. (Uga Z)av i s  
th e  o v e r a l l  c o e f f i c i e n t  o f  h e a t  t r a n s f e r  b ased  on th e  su p e r ­
f i c i a l  a r e a  o f  th e  c u r t a i n ;
(Uga Z)av  = h e a t  t r a n s f e r r e d / u n i t  o f  s u p e r f i c i a l  
a r e a  o f  th e  c u r t a i n  (W 1) - u n i t  o f  
te m p e ra tu re  d i f f e r e n c e  betw een  th e  gas 
and l i q u i d
A " p o i n t  e f f i c i e n c y  f o r  h e a t  t r a n s f e r  b a se d  on th e  gas
p h a s e " ,  E, may b e  d e f in e d :
E = A c tu a l  change i n  th e  te m p e ra tu re  o f  t h e  gas a t  th e  p o in t  
Maximum p o s s i b l e  change i n  th e  te m p e ra tu re  o f  th e  gas a t
t h e  p o in t
Ti  - T0
E -  T ^ T  (5)
Combining e q u a t io n s  (4) and (5 ) :
E = 1 -  exp [  ' ( UGa Z) a v /G V ( 6)
T h is  i s  an a lo g o u s  to  th e  p o i n t  e f f i c i e n c y  d e f in e d  by Murphree
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f o r  mass t r a n s f e r  in  d i s t i l l a t i o n  t o w e r s a n d  by Carey 
f o r  h e a t  t r a n s f e r  i n  d i s t i l l a t i o n  t o w e r s . (36) m a x im u m
v a lu e  o f  E i s  u n i t y  ( e q u i l ib r iu m  re ac h e d  between th e  gas 
and l i q u i d  a t  th e  p o i n t ) , and th e  minimum v a lu e  i s  ze ro  (no 
h e a t  t r a n s f e r r e d  betw een th e  gas and l i q u i d  a t  t h e  p o i n t ) .
P o in t  e f f i c i e n c i e s  would be v e ry  d i f f i c u l t  to  a c c u r a t e ­
l y  m easure  b ec au se  such measurement would in v o lv e  te m p e ra tu re  
d e te r m in a t io n s  above and below  v e r t i c a l  segm ents o f  th e  c u r ­
t a i n .  What i s  p o s s i b ly  more s i g n i f i c a n t  i s  t h a t  th e s e  p o in t  
e f f i c i e n c i e s ,  once e v a lu a te d ,  would n o t  be  im m ed ia te ly  u s e f u l  
i n  d e te rm in in g  th e  h e a t  t r a n s f e r r e d  a c ro s s  a c u r t a i n ,  b ecau se  
th e  l i q u i d  te m p e ra tu re  t  v a r i e s  a s  th e  l i q u i d  i s  e n ro u te  b e ­
tween p l a t e s .  T h is  p roblem  can be overcome by d e f in in g  a 
" p l a t e  e f f i c i e n c y  f o r  h e a t  t r a n s f e r  based  upon th e  gas  p h a se " ,  
Ep, and r e l a t i n g  t h i s  p l a t e  e f f i c i e n c y  to  th e  p o i n t  e f f i ­
c ie n c y  and o th e r  p e r t i n e n t  f a c t o r s .  I n  th e  fo l lo w in g  
p a ra g ra p h s  th e  p l a t e  e f f i c i e n c y  w i l l  be e v a lu a te d ,  and th e  
u s e f u ln e s s  o f  t h i s  p l a t e  e f f i c i e n c y  w i l l  be d e m o n s tra te d  in  
a p ro c e s s  d e s ig n  p ro c e d u re  d e v is e d  f o r  th e  c a s e  o f  d i r e c t  
c o n ta c t  h e a t  t r a n s f e r  w i th  no mass t r a n s f e r .
The p l a t e  e f f i c i e n c y ,  Ep, i s  d e f in e d  a s  fo l lo w s :
A c tu a l  change i n  th e  a v e ra g e  te m p e ra tu re  o f  th e  g as  a s
_____________ i t  p a s s e s  th ro u g h  th e  c u r t a i n __________________
P ~ Change in  t h e  a v e ra g e  te m p e ra tu re  o f  th e  gas which would 
have o c c u r re d  i f  th e  o u t l e t  g as  and l i q u i d  w ere a t  th e
same te m p e ra tu re
40
Tj ~ T0 av
%  -  T l -  t 0 O)
Ths p l a t e  e f f i c i e n c y  may be r e l a t e d  to  E in  th e  fo l lo w ­
in g  m anner. L e t u s  make an energy  b a la n c e  f o r  th e  e n t i r e  
c u r t a i n :
L ( t 0 -  t i )  = V cG (Tt  - T0 a v ) (8)
I t  i s  assumed t h a t  th e  s p e c i f i c  h e a t s  o f  th e  l i q u i d  and gas 
do n o t  v a ry  g r e a t l y  f o r  any one c u r t a i n  o f  l i q u i d ,  and a v e r ­
age v a lu e s  o f  cq and c^ a r e  u sed  f o r  th e  c u r t a i n .  Of c o u rs e ,  
d i f f e r e n t  a v e ra g e  v a lu e s  may be r e q u i r e d  f o r  d i f f e r e n t  
c u r t a i n s .
R e fe r r in g  to  F ig u re s  9 and  10, a t  any p o i n t  a lo n g  th e  
c u r t a i n ,  an  ene rgy  b a la n c e  y i e l d s :
G W d l  cG (T i -  Tq) = L cL d t  (9)
N o t ic e  t h a t  t h i s  l a s t  e q u a t io n  assumes no backm ixing  o f  th e  
l i q u i d  i n  ac c o rd an c e  w i th  c h a r a c t e r i s t i c  (2) o f  th e  m odel. 
B u t, from e q u a t io n  (5 ) :
T± -  Tq = E (Ti -  t )  (10)
S u b s t i t u t i n g  e q u a t io n  (10) i n t o  e q u a t io n  (9 ) :
G W d l  cG E (Tt  -  t )  = L cL d t  (11)
R e a r ra n g in g :
 V- = ( 12)L cL ^  - t
E q u a t io n  (12) may be  i n t e g r a t e d  from ze ro  to  1 and t i  to  t 0 .
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N o tic e  t h a t  d u r in g  t h i s  i n t e g r a t i o n  E i s  n o t  a f u n c t io n  o f  
1 i n  acco rd an ce  w ith  c h a r a c t e r i s t i c  (3) o f  th e  model and 
e q u a t io n  (6 ) ,  and i s  n o t  a fu n c t io n  o f  1 in  ac co rd an ce  
w i th  c h a r a c t e r i s t i c  (4) o f  th e  m odel. The r e s u l t  o f  i n t e ­
g r a t i o n  i s
GW SG E 1 Tt  - to
   ■  ln  03>
B u t, G W 1 = V, th e  mass flow  r a t e  o f  v a p o r ;  th u s ,  e q u a t io n  
(13) becomes
V eg E , T i - t,-— ,  In _ i ------- i  (14)
L CL Ti  '  ‘ o
Combining e q u a t io n s  (14) and (8) y i e l d s :
(15)
_ ^i " av _ ^ °L 
P "  Ti  - t Q " V cG exp (V cq E/L c l )  - 1
E q u a tio n  (15) r e l a t e s  th e  p l a t e  e f f i c i e n c y ,  p o in t  e f f i ­
c ie n c y  and th e  o th e r  p e r t i n e n t  v a r i a b l e s ,  w hich a p p e a r  a s  
th e  r a t i o  (L cL/V cG) . E q u a tio n  (15) i s  p l o t t e d  i n  F ig u re  11 
f o r ' t y p i c a l  v a lu e s  o f  t h i s  r a t i o .  T h is  e q u a t io n  i s  ana logous 
to  th e  r e s u l t  o b ta in e d  by  L ew is(24) when c o n s id e r in g  mass 
t r a n s f e r  on b u b b le -c a p  p l a t e s .
R e f e r r in g  to  F ig u re  11, one n o t i c e s  t h a t  Ep may be g r e a t -  
. e r  o r  l e s s  th a n  u n i t y ,  depend ing  upon th e  p a ra m e te r  (L cL/V c^) 
and E. V alues o f  Ep g r e a t e r  th a n  u n i t y  may seem somewhat 
s t r a n g e ;  how ever, a  l i t t l e  r e f l e c t i o n  w i l l  i n d i c a t e  t h a t  
t h e s e  a r e  n o t  u n re a s o n a b le  i n  v iew  o f  th e  d e f i n i t i o n  o f  Ep,
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w h e re in  t h e  d en o m in a to r  employs t 0 r a t h e r  th an  some a v e ra g e  
l i q u i d  te m p e ra tu re*  The d i f f e r e n c e  betw een  th e  n a t u r e  o f  E 
and  Ep i s  w o r th w h ile  n o t i n g .  E i s  r e l a t e d  to  th e  in t im a c y  
o f  c o n t a c t i n g  a t  any p o in t  i n  th e  to w er . On th e  o th e r  hand ,
Ep i s  r e l a t e d  n o t  o n ly  to  t h e  in t im a c y  o f  c o n t a c t i n g  a s  
e v id e n c e d  by E, b u t  a l s o  to  th e  n a t u r e  o f  th e  m ix ing  in  th e  
l i q u i d  p h ase  a s  i t  f low s from p l a t e  to  p l a t e .  Thus, i f  th e  
l i q u i d  w ere c o m p le te ly  m ixed i n  th e  d i r e c t i o n  o f  f low , th e n  
E and Ep would be  i d e n t i c a l .  However, s in c e  th e  l i q u i d  f low s 
w i th  no b a c k m ix in g ,e q u a t io n  (15) r e s u l t s .
A p p l i c a t i o n  o f  E q u a t io n s  D eveloped f o r  D i r e c t  C o n ta c t  H eat 
T r a n s f e r  w i th  no Mass T r a n s f e r
The e q u a t io n s  d ev e lo p ed  i n  th e  p r e c e d in g  s e c t i o n  may 
b e  r e a d i l y  a p p l i e d  to  e x p e r im e n ta l  d a ta  to  d e te rm in e  such 
in f o r m a t io n  a s  Ep, E and (U^a Z)a v . They may a l s o  b e  u sed  
t o  d e te rm in e  th e  number o f  c u r t a i n s  o f  l i q u i d  r e q u i r e d  to  
o b t a i n  a d e s i r e d  amount o f  h e a t  t r a n s f e r ,  assum ing  ( l^ a  Z)av  
and W1 a r e  known.
E x p e r im e n ta l  d a ta  a r e  m ost s im p ly  o b ta in e d  by  m e asu r in g  
L, V, Tj[, t ^  and  t Q. I t  i s  somewhat d i f f i c u l t  t o  m easure  T0 av 
f o r  i n t e r m e d i a t e  c u r t a i n s  i n  a s e r i e s  o f  c u r t a i n s ,  b e c a u se  
an y  te m p e r a tu r e  m e a su r in g  d e v ic e  be tw een  c u r t a i n s  may be  
s t r u c k  by  s m a l l  l i q u i d  d r o p s .  A lso ,  t h e  d e v ic e  m ust be
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l o c a te d  so a s  to  g e t  w e ll-m ix ed  g a s ,  which means t h a t  th e  
d e v ic e  m ust be p la c e d  j u s t  p r i o r  to  th e  e n t r y  o f  gas i n t o  an 
in t e r m e d ia te  c u r t a i n .  C o n seq u en tly ,  T0 av i s  u s u a l l y  c a l c u ­
l a t e d  u t i l i z i n g  th e  energy  b a la n c e  embodied in  e q u a t io n  (8 ) .  
W ith V, L, T^, t^  and t Q m easured and T0 av c a l c u l a t e d ,  Ep 
can  be o b ta in e d  from e q u a t io n  (7) and th e n  E from e q u a t io n  
(15) o r  F ig u re  11. (Uga Z)av  can be o b ta in e d  from e q u a t io n
(6) u s in g  E and a v i s u a l  e s t im a te  o f  Wl.
The s te p w is e  p ro c e d u re  f o r  d e s ig n in g  b a f f l e - p l a t e  and 
d is c -a n d -d o n u t  tow ers  may now be  p r e s e n te d .  A c tu a l ly ,  t h i s  
d e s ig n  p ro c e d u re  may be employed to  ad v an tag e  f o r  a n a ly z in g  
e x p e r im e n ta l  d a ta  on a s e r i e s  o f  c u r t a i n s  s im ply  by making 
a change i n  th e  sequence o f  th e  s t e p s .  R e fe re n ce  i s  made 
to  F ig u re s  12 and 13.
S tep  1 - C o n s t ru c t  a p l o t  o f  T v e r s u s  t ,  and p la c e
th e  " o p e r a t in g  l i n e "  and " e q u i l ib r iu m  cu rv e"  
on t h i s  p l o t .
The o p e r a t in g  l i n e  e q u a t io n  r e l a t e s  th e  te m p e ra tu re s
o f  th e  l i q u i d  and v ap o r  s tream s p a s s in g  one a n o th e r  b e ­
tween c o n ta c t s  w i th in  th e  to w er . These te m p e ra tu re s  
may be  o b ta in e d  by s o lv in g  th e  ene rgy  b a la n c e  e q u a t io n
I f  c^  and Cq may be ta k e n  a s  c o n s ta n t  a t  a v e ra g e  v a lu e s
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o v e r  t h e  h e i g h t  o f  th e  to w er ,  e q u a t io n  (16) may be i n ­
t e g r a t e d  and r e a r r a n g e d  to  y i e l d
/  L cT \  T L cr t i  1
T = ( v - S £ >  + L t ° <17>
T h is  i s  th e  e q u a t io n  o f  a s t r a i g h t  l i n e .
The e q u i l ib r iu m  c u rv e  i s  th e  l i n e  T = t .
S tep  2 - From c o r r e l a t i o n s  such  a s  p r e s e n te d  i n  C h ap te r  
V I I ,  o b t a in  (Uga Z)av  and Wl, and u t i l i z e  
t h e s e  to  o b t a i n  E from e q u a t io n  ( 6 ) .
I f  th e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f lo w in g  s trea m s
v a ry  m ark e d ly  from to p  to  bo ttom  o f  th e  to w e r ,  i t  w i l l
be w o r th w h ile  to  employ d i f f e r e n t  v a lu e s  o f  th e  p o in t
e f f i c i e n c y  f o r  d i f f e r e n t  c u r t a i n s  i n  th e  to w e r .
S tep  3 -  C a l c u l a t e  Ep from e q u a t io n  (1 5 ) ,  and  s k e tc h  
th e  p s u e d o - e q u i l ib r iu m  c u rv e  on th e  T v e r s u s  
t  p l o t .
I f  t h e  p a ra m e te r  (L c^/V Cq) v a r i e s  m a rk e d ly  from 
to p  to  b o tto m  o f  th e  to w er ,  i t  w i l l  be  w o r th w h i le  to  
employ d i f f e r e n t  v a l u e s  o f  t h e  p l a t e  e f f i c i e n c y  f o r  
d i f f e r e n t  c u r t a i n s  i n  th e  to w er .
The p s u e d o -e q u i l ib r iu m  c u rv e  r e l a t e s  t h e  a c t u a l  
a v e ra g e  te m p e r a tu r e  o f  g as  l e a v in g  a c u r t a i n  to  th e  
te m p e r a tu r e  o f  t h e  l i q u i d  le a v in g  a c u r t a i n .  The 
c u rv e  i s  m ost c o n v e n ie n t ly  s k e tc h e d  i n  em ploying  th e
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g r a p h i c a l  p ro c e d u re  i l l u s t r a t e d  i n  F ig u re  13. N o t ic e  
t h a t  t h e  v e r t i c a l  d i s t a n c e  ac  e q u a ls  (T^ - t Q) . P o in t  
(b) i s  l o c a t e d  so t h a t  a F /a c  e q u a ls  Ep f o r  c u r t a i n  1, 
Thus, a5 e q u a ls  Ep(T^ - t Q) , w hich  a l s o  e q u a ls  - Tp, 
Hence, t h e  c o o r d in a te s  o f  p o in t  b a r e  t G, T p  th e  a c t u a l  
te m p e r a tu r e s  o f  th e  s t re a m s  le a v in g  th e  f i r s t  c u r t a i n .  
S im i l a r  c o n s i d e r a t i o n s  a p p ly  to  th e  o th e r  c u r t a i n s .
I f  Ep i s  g r e a t e r  th a n  u n i t y ,  t h e  " p s u e d o -e q u i l ib r iu m "  
c u rv e  w i l l  f a l l  below  th e  l i n e  T = t  i n  F ig u re  13.
S tep  4 -  The number o f  c u r t a i n s  o f  l i q u i d  r e q u i r e d  to  
a c c o m p lish  th e  d e s i r e d  h e a t  t r a n s f e r  may now 
b e  d e te rm in e d  by  " s t e p p i n g - o f f "  p l a t e s ,  i n  a 
m anner an a lo g o u s  to  t h a t  u se d  f o r  b i n a r y  d i s ­
t i l l a t i o n  on a M cC abe-Thie le  d i a g r a m . (30)
The s t e p p i n g - o f f  p ro c e d u re  i s  i l l u s t r a t e d  on F ig u re  
13. By com paring  th e  te m p e r a tu r e  d e s ig n a t i o n s  o f  
F ig u re s  12 and 13, th e  v a l i d i t y  o f  t h e  g r a p h i c a l  p r o ­
c e d u re  i s  r e a d i l y  e s t a b l i s h e d .  The g r a p h i c a l  p ro c e d u re  
i s  n o th in g  more th a n  a s im p le  and  e a s i l y - g r a s p e d  p r o c e ­
d u re  f o r  c a l c u l a t i o n  o f  t h e  number o f  c u r t a i n s  o f  
l i q u i d  r e q u i r e d  by making r e p e a t e d  en e rg y  b a la n c e s  up 
o r  down t h e  tow er em ploying  e q u a t io n  (15) f o r  each  
c u r t a i n .
N o t ic e  t h a t  t h e  p ro c e d u re  g iv e s  t h e  number o f  
a c t u a l  c u r t a i n s  o f  l i q u i d .
Liquid Flow
Curtain 
No. 3
Curtain  
No. 2
Cur t a in  
No. 1
Gas Flow
Figure 12.
TEMPERATURE DESIGNATIONS 
IN
BAFFLE-PLATE AND DISC-AND-PONUT
TOWERS
i
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Pseudo-Equilibrium CurveOperating Line
b (c)
s
E
a
E Equilibrium Curve, T= t
O
Liquid T e m p e r a tu r e ,  t
/VOTrES : (/) Neither the Operating Line nor the Pseudo - Equilibrium 
Cur ire As necessari/y straight. —7
(2.) This cur ire is so toco ted that a t each point ==■- = Ep 
at that point.
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GRAPHICAL DETERMINATION OF THE NUMBER OF LIQUID CURTAINS
REQUIRED FOR 
DIRECT CONTACT HEAT TRANSFER 
W ITH  NO MASS TRANSFER
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A n u m e r ic a l  example o f  t h i s  p ro c e s s  d e s ig n  p ro c e d u re  i s  
p r e s e n te d  i n  Appendix I I .
D i r e c t  C o n tac t  Heat T r a n s f e r  w ith  Mass T ra n s f e r  from a Pure  
L iq u id  Flowing I s o th e r m a l ly
I n  t h i s  s i t u a t i o n  th e  h e a t  t r a n s f e r  r a t e  i s  e x a c t ly  t h a t  
r e q u i r e d  to  su p p ly  t h e  energy  n e c e s s a ry  f o r  th e  mass t r a n s f e r .  
B ecause th e  te m p e ra tu re  o f  th e  l i q u i d  phase  i s  c o n s ta n t ,  t h i s  
c a s e  i s  th e  m ost s im p le  one to  be c o n s id e re d .
As i n  th e  p re c e d in g  s e c t i o n ,  l e t  u s  focus  o u r  a t t e n ­
t i o n  on a sm a ll  volume o f  c u r t a i n  o f  w id th  W, l e n g th  d l  and 
h e i g h t  dZ. See F ig u re s  7 and 8 . S in ce  t h e r e  i s  no h e a t  
t r a n s f e r r e d  th ro u g h  th e  l i q u i d  p h a se ,  th e  i n t e r f a c e  tem pera­
t u r e  and th e  b u lk  te m p e ra tu re  o f  th e  l i q u i d  a r e  i d e n t i c a l .
An ene rgy  b a la n c e  on th e  gas  phase  and th e  r a t e  e q u a t io n  f o r  
h e a t  t r a n s f e r  combine to  y i e l d :
-Gj W d l  cs dT = hGa W d l  dZ (T - t )  (18)
w here Gj i s  th e  mass v e l o c i t y  o f  th e  l i q u i d - f r e e  gas ( th e  
" i n e r t "  g a s ) ,  eg i s  th e  s p e c i f i c  h e a t  o f  th e  t o t a l  gas  
p h ase  ( i n e r t  gas  p lu s  v a p o r iz e d  l i q u i d )  p e r  u n i t  o f  i n e r t  
g a s .  Thus,
CS ** CI  + H CGB 
w here c j  i s  th e  s p e c i f i c  h e a t  o f  t h e  i n e r t  gas  and cgb i-s
t h e  s p e c i f i c  h e a t  o f  t h e  v a p o r iz e d  l i q u i d .  H i s  th e  mass
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o f  v a p o r iz e d  l i q u i d  p e r  u n i t  mass o f  i n e r t  g a s .  When c o n s id ­
e r in g  a i r - w a t e r  systems., eg i s  termed th e  "humid h e a t"  and 
H, th e  "h u m id ity " .  The word "hum id ity "  w i l l  be used  h e r e in  
to  d en o te  H, w hether o r  n o t  a i r - w a t e r  i s  b e in g  c o n s id e re d .
I f  th e  v a r i a t i o n  in  humid h e a t  i s  sm all so t h a t  an 
av e ra g e  v a lu e  may be u sed , e q u a t io n  (18) i s  r e a d i l y  i n t e ­
g r a t e d  to  y i e l d :
(hga Z)av d en o tes  th e  r e s u l t  o f  i n t e g r a t i n g  tiQa dZ from 0 to  
Z w ith  th e  p o s s i b i l i t y  t h a t  hQa v a r i e s  w i th  Z,
The mass t r a n s f e r  may be c o n s id e re d  by d e f in in g  a v o lu ­
m e t r ic  mass t r a n s f e r  c o e f f i c i e n t ,  kga, f o r  th e  gas phase  
b ased  upon a h u m id ity  d r iv in g  fo rc e :
A m a te r i a l  b a la n c e  coup led  w ith  t h i s  d e f i n i t i o n  y i e ld s :
Throughout t h i s  work, th e  prim e w i l l  d en o te  i n t e r f a c e  c o n d i­
t i o n s ,  Thus H1 i s  th e  h u m id ity  a t  th e  g a s - l i q u i d  i n t e r f a c e - -  
t h a t  i s ,  th e  h u m id i ty  c o r re sp o n d in g  to  s a t u r a t e d  gas a t  th e  
i n t e r f a c e  te m p e ra tu re  w hich , i n  t h i s  c a s e ,  e q u a ls  th e  b u lk  
te m p e ra tu re  o f  th e  l i q u i d .  E qua tion  (21) i s  r e a d i l y  i n t e g r a t e d
( 20)
kga = mass t r a n s f e r r e d / u n i t  o f  c o n ta c t in g  volume 
- u n i t  o f  hu m id ity  d i f f e r e n c e  between th e  
i n t e r f a c e  and th e  b u lk  o f  th e  g as .
Gx W d l  dH = kca W d l  dZ (H* - H) ( 21)
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w i th  th e  r e s u l t :
The p r e c e d in g  e q u a t io n s  a p p ly  t o  any  e le m e n t o f  c u r ­
t a i n ,  (W Z d l ) . The s i m p l i c i t y  o f  t h i s  c a s e  s tem s from th e  
f a c t  t h a t  s i n c e  th e  g as  i s  w e l l -m ix e d  p r i o r  to  e n t e r i n g  each  
c u r t a i n  and  s in c e  t h e  l i q u i d  h a s  th e  same te m p e r a tu r e  i n  a l l  
e le m e n ts ,  t h e  p r e c e d in g  r e s u l t s  a r e  im m e d ia te ly  a p p l i c a b l e  to  
a n  e n t i r e  c u r t a i n .  H ence, e q u a t io n  (21) may b e  w r i t t e n  w i th  
T0  av  r e p l a c i n g  T0  and  e q u a t io n  (22) w i th  H0  a v  r e p l a c i n g  H0 . 
The l i q u i d  m ix in g  c h a r a c t e r i s t i c s  a r e  c l e a r l y  u n im p o r ta n t .
I f  one h a s  n c u r t a i n s  i n s t e a d  o f  o n ly  o n e ,  t h e  s o l e  i n ­
f lu e n c e  i s  t o  i n t r o d u c e  n  i n t o  t h e  e q u a t i o n s .  Thus e q u a t io n  
( 2 0 ) becomes
The a s s u m p t io n  i s  b e in g  made t h a t  (h(ja Z)a v  and  (k^a  Z )av  a r e  
t h e  same f o r  ea c h  o f  t h e  n  c u r t a i n s ,  a s  th e y  w ould  b e ,  a p p r o x i ­
m a te l y ,  s i n c e  t h e  o n ly  ch an g es  o c c u r r i n g  a r e  i n  t h e  h u m id i ty  
and  t e m p e r a tu r e  o f  t h e  g a s .
(23)
E q u a t io n  (22) i s  s i m i l a r l y  m o d i f ie d :
n  ( l ^ a  Z)a v  r  h ' - H i
6 3 ; "  L H' -  (H0  a v ) n (24)
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The a p p l i c a t i o n  o f  t h e s e  e q u a t io n s  to  e x p e r im e n ta l  
d a t a  i s  s t r a i g h t f o r w a r d .  S im ply  m easu re  L, V, T-^, HQ a v ,
T0  av  anc* anc* v i s u a l l y  o b s e rv e  Wl. (kga Z)a v  and (h^a Z)av  
may th e n  be  c a l c u l a t e d .
The p r o c e s s  d e s ig n  p ro c e d u r e  i s  somewhat l e s s  s t r a i g h t ­
fo rw a rd .  U s u a l ly  L, V, T^, and  TQ av  a r e  s p e c i f i e d ,  Hc av  
an d  n  a r e  to  b e  fo u n d . F i r s t  (kga Z)a v , ( h ja  Z )a v  and  Wl 
a r e  o b t a in e d  from c o r r e l a t i o n s  such  a s  p r e s e n t e d  i n  C h a p te r  
V I I ,  N ex t,  one e q u a t io n  r e l a t i n g  t  and  H0  av  i s  f o rm u la te d  
b y  d i v i d i n g  e q u a t io n s  (23) and  ( 2 4 ) .  N o t ic e  t h a t  t h i s  e l im ­
i n a t e s  Gj and  n .  A seco n d  r e l a t i o n  b e tw een  t  and  H0  av  i s  
a f f o r d e d  by  an  o v e r a l l  e n e rg y  b a l a n c e ,  i f  i t  i s  assum ed t h a t  
t h e  makeup l i q u i d  e n t e r s  a t  t .  T h ese  two e q u a t io n s  may b e  
s o lv e d  s im u l t a n e o u s ly  t o  o b t a i n  t  and  H0  a v . Then e i t h e r  
e q u a t io n  (23) o r  (24) i s  em ployed to  f i n d  n .
D i r e c t  C o n ta c t  H ea t T r a n s f e r  t o  a  P u re  L iq u id  N ot F low ing  
I s o t h e r m a l l y
1. D evelopm ent and  A p p l i c a t i o n  o f  E q u a t io n s
When m ass t r a n s f e r  t a k e s  p l a c e  t o  o r  from  a  p u re  l i q u i d  
w h ich  i s  s im u l t a n e o u s ly  c h a n g in g  i n  t e m p e r a tu r e ,  t h e  a n a l y s i s  
becom es c o n s i d e r a b l y  m ore com plex . I n  t h e  f o l lo w in g  p a r a g r a p h s ,
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t h e  s i t u a t i o n  o f  a s i n g l e  c u r t a i n  o f  w a te r  th ro u g h  w hich  a i r  
i s  p a s s in g  w i l l  b e  a n a ly z e d  f i r s t .  Then t h e  t r e a t m e n t  w i l l  
be  m o d i f ie d  f o r  t h e  c a s e  o f  o t h e r  sy s te m s ,
H u m id i f i c a t io n  c a l c u l a t i o n s  have  p ro v ed  to  be  f a s c i n a t ­
in g  and com plex . C o n s id e r a b le  s i m p l i f i c a t i o n  may be i n t r o ­
duced  by  u t i l i z i n g  an e n t h a lp y  d r i v i n g  fo rce#  a s  was f i r s t  
shown by  M e rk e l .  (^9) Such a d r i v i n g  f o r c e  w i l l  be  employed 
i n  p o r t i o n s  o f  t h e  fo l lo w in g  a n a l y s i s .  S i g n i f i c a n t  c o n t r i ­
b u t i o n s  to  t h e  c a l c u l a t i o n a l  t h e o r y  f o r  c o u n t e r c u r r e n t  
c o n t a c t o r s  have  b e e n  made i n  r e c e n t  y e a r s  by Simpson and 
S h e r w o o d a n d  M ic k le y .  C ro s s f lo w  c o n ta c t in g #  th e
s i t u a t i o n  u n d e r  s tu d y ,  h a s  n o t  been  a n a ly z e d .
L e t  u s  fo c u s  o u r  a t t e n t i o n  on an  e le m e n t o f  c o n t a c t i n g  
vo lum e o f  w id th  W# l e n g t h  d l  and h e i g h t  dZ. See F ig u r e s  9 
an d  10. F o r  th e  sa k e  o f  i l l u s t r a t i o n #  h e a t  w i l l  be  c o n s i d ­
e r e d  t o  f lo w  from  th e  g a s  t o  t h e  g a s - l i q u i d  i n t e r f a c e .  At 
t h e  i n t e r f a c e  a p o r t i o n  o f  t h e  h e a t  i s  u t i l i z e d  t o  v a p o r i z e  
l i q u i d ,  w h i le  t h e  r e m a in d e r  i s  t r a n s f e r r e d  i n t o  t h e  l i q u i d ,  
r a i s i n g  i t s  t e m p e r a tu r e .  The m odel o f  g a s - l i q u i d  c o n t a c t i n g  
p r e v i o u s l y  p r e s e n t e d  i s ,  o f  c o u r s e ,  s t i l l  a p p l i c a b l e .
A m a t e r i a l  b a l a n c e  on th e  l i q u i d  t o g e t h e r  w i th  th e  
d e f i n i t i o n  o f  kga y i e l d s :
Gj W d l  dH = kQa W d l  dZ (H' -  H) (25)
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Some o f  th e  n o t a t i o n  i s  shown i n  F ig u re  14 f o r  th e  sake  o f  
c l a r i t y .  I n  t h i s  c a s e ,  a l th o u g h  t  i s  c o n s t a n t  i n  th e  Z -d i -  
r e c t i o n ,  t* i s  n o t  n e c e s s a r i l y  so .  Hence, H1 v a r i e s  w i th  Z, 
and th e  i n t e g r a t i o n  o f  e q u a t io n  (25) i s  n o t  so d i r e c t  a s  in  
t h e  p r e c e d in g  s e c t i o n .
An en e rg y  b a la n c e  on th e  g as  p h a s e ,  t o g e th e r  w i th  th e  
d e f i n i t i o n  o f  hGa y i e l d s :
- G1 W d l  c s dT = hGa W d l  dZ (T - T ’ ) (26)
I f  one n e g l e c t s  th e  change i n  l i q u i d  flow  a s  a r e s u l t  
o f  e v a p o r a t io n ,  an  en e rg y  b a la n c e  b a se d  on th e  g as  and l i q u i d  
p h a s e s  r e s u l t s  i n  th e  fo l lo w in g  e q u a t io n :
^  k  j  W dZ c L  d t  = -  G j  W d l  d i  ( 2 7 )
w here  (L/WZ) i s  t h e  mass v e l o c i t y  o f  t h e  l i q u i d  b a se d  upon 
t h e  s u p e r f i c i a l  a r e a  o f  th e  c u r t a i n ,  WZ, and i  i s  th e  e n th a lp y  
o f  th e  gas  p h a s e ,  e x p re s s e d  a s  e n th a lp y  o f  th e  t o t a l  gas  p e r  
u n i t  o f  i n e r t  g a s ,  Thus,
i  = cg (T - Tr ) + Xr H (28)
w here  TR i s  a r e f e r e n c e  t e m p e r a tu r e ,  and XR i s  t h e  l a t e n t  
h e a t  o f  v a p o r i z a t i o n  o f  th e  l i q u i d  a t  t h e  r e f e r e n c e  t e m p e r a tu r e .
An en e rg y  b a la n c e  on th e  l i q u i d  p h a s e ,  t o g e t h e r  w i th  
t h e  d e f i n i t i o n  o f  h^a y i e l d s :
(  ^  )  W dZ cL d t  = h La W d l  dZ <T' -  t )  (29)
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G as Wei t-Mi x e d : ToAu , l 0Av , H0/w.
v  < ;C -r r  r  c 
< , f Y T  r  •,-i^ T > .< y ->• j
"To, Lo j IT
Liquid L iq u id  OutM t.T.H
G a s  W e l l -M ix e d :  ,Hi
SIDE VIEW OF THE C U R TA IN  
/ /  e x t e n d s  o  d is ta n c e ,  Wj in to  t h e  p i a n e  o f  th e  p a p e r .
Inter-Face
G a s  P h a s e Liquid P h a s e
T , l,H  T* I1, H1 ( ’ t' = T ‘ t
H e a t  into Liquid
H e a t  Frorn G a s  ....... -
V ap orized  Liquid
PH A SES IN CONTACT 
Show ing  N ota tion  a n d  D ire c tio n s  o f  H e a t  a n d  M a s s  T r a n s fe r .
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PURE LIQUID NOT FLOWING ISOTHERMALLY
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I n  t h e  c a s e  o f  t h e  a i r - w a t e r  sy s te m , th e  Lewis r e l a ­
t i o n ^ )  may b e  p r o f i t a b l y  in t r o d u c e d :
hr
4  = CS <30>
S in c e  th e  i n t e r f a c e  f o r  h e a t  and mass t r a n s f e r  i s  th e  same, 
t h e  l e f t  hand member a l s o  e q u a ls  h g a /k g a  o r  (h^a Z)a v / ( k Ga Z)a v . 
P la c in g  t h i s  i n t o  e q u a t io n  (26) r e s u l t s  in
- Gj c s dT = kga ( c s T - cs  T 1) dZ (31)
N ex t, m u l t i p l y  e q u a t io n  (25) by and sum th e  r e s u l t  w i th  
e q u a t io n  (3 1 ) :
kGa dZ (32)Gl ( c s dT +  XR dH)= [ (c s  T 1 + XR H’ ) - ( c s T + \  H)
B u t ,  n e g l e c t i n g  th e  sm a ll  v a r i a t i o n  i n  eg , e q u a t io n  (32) r e ­
d u ces  to
Gx d i  = kGa (i*  -  i )  dZ (33)
O th e r  u s e f u l  r e l a t i o n s  may be  o b ta in e d .  Combine eq u a­
t i o n s  (2 7 ) ,  (29) and (33) : 
i  -  i 1 ~(h^a Z )av
t  -  T (^Ga 2 )av  
Combine e q u a t io n s  (31) and (3 3 ) :
(34)
d i  _ i  - i j  .
dT T - T 1
I t  i s  u s e f u l  to  i n t r o d u c e  a t  t h i s  p o i n t  th e  c o n c e p t  o f  
an  e n t h a lp y - t e m p e r a tu r e  d ia g ra m . Such a p l o t  h a s  e n th a lp y  
o f  t h e  g a s -p h a s e  on t h e  y - a x i s  and te m p e r a tu r e  on th e  x - a x i s .  
See F ig u r e  15. The i n t e r f a c e  c o n d i t i o n s ,  i '  and  T 1, m ust l i e
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on a l i n e  r e p r e s e n t i n g  t h e  e n th a lp y  and te m p e ra tu r e  o f  s a t u ­
r a t e d  g a s ,  s in c e  e q u i l i b r iu m  c o n d i t i o n s  e x i s t  a t  t h e  i n t e r f a c e .  
Sdch a l i n e  i s  c a l l e d  th e  " e q u i l ib r iu m "  curve* I t  may be con­
s t r u c t e d  from th e  r e l a t i o n
i* = cs (T* - Tr ) + XR H! (36)
w here  H* i s  th e  h u m id i ty  o f  s a t u r a t e d  g as  a t  T ' .
_  P* (Mol* Wt. o f  L iq u id )
(7r - P ') ( M o l .  Wt. o f  Dry Gas)  ^ '
P 1 i s  t h e  v ap o r  p r e s s u r e  o f  l i q u i d  a t  T ' ,  and w i s  th e  t o t a l
p r e s s u r e ,  The e q u i l i b r iu m  c u rv e  a p p l i e s  to  a s i n g l e  v a lu e
o f  th e  t o t a l  p r e s s u r e .  I f  a l a r g e  p r e s s u r e  d rop  o c c u rs  i n
t h e  c o n t a c t o r ,  i t  w i l l  be  n e c e s s a r y  to  c o n s t r u c t  d i f f e r e n t
e q u i l i b r iu m  c u rv e s  f o r  d i f f e r e n t  p o r t i o n s  o f  t h e  c o n t a c t o r .
T hese e q u a t io n s  may b e  u t i l i z e d  to  o b t a i n  (kga Z)a v ,
(h^a Z)av  and (h^a Z)av  from e x p e r im e n ta l  d a t a ,  o r  to  d e t e r ­
m ine th e  o u t l e t  c o n d i t i o n s  o f  l i q u i d  and g as  fo l lo w in g  th e  
c o n t a c t i n g  i n  a s i n g l e  c u r t a i n  from known v a lu e s  o f  (k^a Z)a v , 
(hga Z)a v , (h^a Z)a v , W and 1 . The l a t t e r  c a l c u l a t i o n  i s  
more e a s i l y  u n d e r s to o d ,  and  i t  w i l l  be  d e s c r ib e d  f i r s t .
E q u a t io n  (33) may be  g r a p h i c a l l y  i n t e g r a t e d  to  f i n d  i Q 
f o r  any  v a lu e  o f  t  by  p l o t t i n g  l / ( i f -  i )  v e r s u s  i ,  and  i n ­
t e g r a t i n g  from i ^  to  a  v a l u e  o f  i  ( i Q) such  t h a t
(38>
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However, such an i n t e g r a t i o n  r e q u i r e s  v a lu e s  o f  (i*  - i )  a t  
d i f f e r e n t  v a lu e s  o f  i .  These a r e  r e a d i l y  o b ta in e d  a t  t  = 
by d raw ing  s t r a i g h t  l i n e s  on F ig u re  15 o f  s lo p e  - (hLa Z)a v /  
(kga Z)av  from th e  v e r t i c a l  l i n e  t  = t ^ ,  and n o t in g  th e  i n ­
t e r s e c t i o n  o f  t h e s e  " t i e - l i n e s "  and t h e  e q u i l i b r iu m  c u rv e .  
T h is  g r a p h i c a l  p ro c e d u re  i s  shown i n  F ig u re  15. I t  i s  b a se d  
upon e q u a t io n  (3 4 ) .  ” T i e - l i n e s ,! a r e  common i n  c h e m ic a l e n ­
g i n e e r i n g  g r a p h i c a l  c a l c u l a t i o n s .  A f t e r  em ploying e q u a t io n  
(34) a t  o t h e r  chosen  v a l u e s  o f  t  h ig h e r  th a n  t ^ ,  i 0 ’ s may be 
o b ta in e d  a t  th o s e  v a lu e s  o f  t  from e q u a t io n  (3 8 ) .
However, t  v a r i e s  from t^  to  an  o u t l e t  v a lu e ,  t 0 , w hich 
i s  to  b e  d e te rm in e d .  T em p era tu re  t D may be o b ta in e d  by  th e  
fo l lo w in g  p r o c e d u re .  F o r  any  s e c t i o n ,  (W Z d l ) , one can 
w r i t e  t h e  en e rg y  b a la n c e :
The r ig h t-h an d -m e m b e r  o f  e q u a t io n  (40) i s  a f u n c t io n  o f  t ,  
s i n c e  ( i ^  -  i Q) v a r i e s  w i th  t .  Hence, a p l o t  o f  ( d l / d t )  
v e r s u s  t  i s  made, and  t h e  a r e a  e v a lu a t e d  g r a p h i c a l l y .  By
Gz W d l  (±± - i Q) = L cL d t (39)
Or, d l  _ L CL (40)d t  Gt W (i± - i D) 
t Q may b e  e v a lu a t e d  from t h e  e q u a t io n :
(41)
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E quilibrium  Cur»/e
T e m p e ra tu re
—  - r  „ , . , . ,1. LmrsS oB ) a'b'l a'S' are f ie - l in e s "  w hh  s/opes o f  ~(hLa Z  )aV /(kGa  Z  lav
2. N o tic e  t h a t  t h e  in te r s e c t io n s  o f  t h e  “t i e  - l i n e s "  w ith  equilibrium  c u rve  
g iv e  i n te r fa c e  c o n d it io n s  in  a c c o r d a n c e  w i th  e q u a t i o n  ( 3 4 ) :
~ -  t ~ 4 c, - S lo p e  o f  T ie  - lin e s .( k ^ a Z ) ov  t ~ T
3. T h e  p r o c e d u r e  sh o w n  h e r e  fo r  m a y  b e  r e p e a t e d  fo r  o t h e r  
l i q u i d  t e m p e r a t u r e s .
F i g u r e . 1 5
T IE -L IN E  CONSTRUCTION!
ON AN
ENTHALPV-TEMPERATURE DIAGRAM
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t r i a l  and e r r o r ,  an  u p p e r  l i m i t ,  t 0 , i s  found such  t h a t  th e  
c o r r e c t  v a lu e  o f  1 i s  o b ta in e d .
The c a l c u l a t i o n s  made th u s  f a r  s u f f i c e  to  f i x  t 0 . T h is  
may be  u t i l i z e d  to  o b t a i n  i 0 av  by an  o v e r a l l  en e rg y  b a la n c e :
However, a d d i t i o n a l  c a l c u l a t i o n s  m ust be  made to  f i x  Tc av 
and  HQ a v . Once e i t h e r  T0 av  o r  HQ av  i s  known, th e  o th e r  
may b e  o b ta in e d  from e q u a t io n  (3 6 ) ,  s i n c e  i Q av  i s  known.
The c a l c u l a t i o n  o f  Hc av  p ro c e e d s  i n  th e  fo l lo w in g  m anner.
F or each  p r e v i o u s l y  chosen  v a lu e  o f  t - - t h a t  i s ,  each  
chosen  s e c t i o n ,  (W Z d l ) , f i n d  T0 by u s in g  e q u a t io n  (3 5 ) .
T h is  i s  c o n v e n ie n t ly  a c co m p lish ed  u s in g  a g r a p h i c a l  p ro c e d u re  
a n a lo g o u s  to  t h a t  d e v is e d  by M ick ley  f o r  c o u n t e r c u r r e n t  con­
t a c t o r s .  See F ig u re  16, L in e  bd h a s  a s lo p e  e q u a l  to
(d i /d T )  a t  tj_, T^ i n  a c c o rd a n c e  w i th  e q u a t io n  (3 5 ) .  Over 
a s h o r t  te m p e r a tu r e  r a n g e ,  t h e  s lo p e  may b e  c o n s id e r e d  co n ­
s t a n t .  Hence, p ro c e e d  to  p o i n t  d*. At p o i n t  d 1, th e  
g r a p h i c a l  c o n s t r u c t i o n  i s  r e p e a t e d .  T h is  may b e  c o n t in u e d  
to  d e f i n e  p o i n t s  (shown a s  x ' s  i n  F ig u re  16) w hich  r e l a t e  i  
and  T up th ro u g h  i c , Tc . Once T0 and  i 0 a r e  known, H0 may 
b e  o b ta in e d  from e q u a t io n  (3 6 ) .  H0 a v  may b e  o b ta in e d  by  
e v a lu a t in g
L c^  ( t ^  - t Q) V ( i ^  - i Q av ) (42)
1
( d l / d t )  d t
(43)
En
th
al
py
 
of 
G
as
,
61
E quil ibr iu m  Curve
N O T E S :
/. X 's d e n o te  p o in ts  on th e  i - v s - T  c u rve .
2. L in e s  a b  f a 'b ' , a "b " a r e  t i e  - l in e s .  S e e  F ig u r e  15.
<3. T h e  p r o c e d u r e  sh o w n  h e r e  f o r  t[ m a y  b e  r e p e a t e d  
for o t h e r  l i q u i d  t e m p e r a t u r e s .
F ig u r e  I 6>
CONSTRUCTION OF AN i-VERSUS-T CURVE
ON AN
e n t h a l p y - t e m p e r a t u r e  d ia g r a m
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( d l / d t )  h a s  p r e v i o u s l y  been  e v a lu a t e d  f o r  d i f f e r e n t  v a l u e s  
o f  t ;  h en c e  t h e  i n t e g r a t i o n  i s  p e rfo rm e d  g r a p h i c a l l y  by  
p l o t t i n g  Hq ( d l / d t )  v e r s u s  t ,  and f i n d i n g  th e  a r e a  from t^  
t o  t 0 .
The e n t i r e  d e s ig n  p r o c e d u r e  i s  sum m arized i n  s t e p - w i s e  
f a s h i o n  i n  T a b le  I I .
The p ro c e d u r e  may b e  u se d  to  a n a ly z e  e x p e r im e n ta l  d a t a .
I t  i s  c o n v e n ie n t  t o  m easu re  G j, L, t ^ ,  t Q, T-^, and  HQ av  
a n d  to  v i s u a l l y  d e te rm in e  Wl, u s in g  a s i n g l e  c u r t a i n  o f  
l i q u i d .  Such d a t a  may b e  a n a ly z e d  to  d e te rm in e  (hGa Z )a v >
( l ^ a  Z )av  and (hLa Z)a v  by (1) assu m in g  (kGa Z )av  and 
(h^a  2 ) a v / ( k g a  Z )av  and (2) c h e c k in g  t h e s e  a s s u m p t io n s  u s in g  
t h e  d e s ig n  p ro c e d u r e  to  c a l c u l a t e  H0 av  and t D from th e  
m easu red  v a l u e s  o f  G j, L, t ^ ,  T^ and  H^. T h e re  i s  o n ly  
one p a i r  o f  v a l u e s  o f  (kga Z)a v  and (hLa Z ) a v / ( k g a  Z)av  
w h ich  w i l l  g iv e  ag re e m e n t  be tw een  c a l c u l a t e d  and  o b se rv e d  
v a l u e s  o f  t Q and H0 a v . The c a l c u l a t i o n  p ro c e d u r e  i s  lo n g .
I t  may b e  f a c i l i t a t e d  b y  u s in g  a s  a s t a r t i n g  p o i n t  t h e  c a s e  
o f  (hLa Z )av  e q u a l  to  i n f i n i t y .  The r a t i o  (hLa Z)a v / ( k g a  Z )av  
w i l l  p r o b a b ly  b e  g r e a t e r  th a n  u n i t y  u n d e r  m ost c i r c u m s ta n c e s .
When (hLa Z )a v  i s  i n f i n i t e ,  t h e  i n t e r f a c e  t e m p e r a tu r e  
i s  t h e  same a s  t h e  b u lk  t e m p e r a tu r e  o f  t h e  l i q u i d  an d  i s  
c o n s t a n t  a t  t  from  0 t o  Z a t  an y  d i f f e r e n t i a l  s e c t i o n ,  (W Z d l ) .
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TABLE II
STEP-WISE PROCEDURE FOR CALCULATING OUTLET CONDITIONS 
FOLLOWING CONTACT IN A SINGLE AIR-WATER CURTAIN;
WATER NOT FLOWING ISOTHERMALLY
Known: L, V, t ^ ,  T±, (kga Z)a v , (hGa Z)a v , (hLa Z)a v ,
W and I
To D ete rm in e : t Q? TQ av  and H0 av
S tep  1 -  C o n s t r u c t  t h e  e q u i l ib r iu m  c u rv e  i 1 v e r s u s  T ’ f o r
th e  p r e s s u r e  o f  o p e r a t i o n .  See e q u a t io n  (3 6 ) .
S tep  2 -  C o n s t r u c t  t i e - l i n e s  a t  tj[ ,  and  f i n d  ( i ! - i )  a s
a f u n c t io n  o f  i .  See F ig u re  15 and e q u a t io n  (3 4 ) .
S tep  3 - P l o t  l / ( i ! -  i )  v e r s u s  i ,  and  g r a p h i c a l l y  i n t e ­
g r a t e  from i-j_ to  such  a v a lu e  o f  i  t h a t  e q u a t io n
(38) i s  s a t i s f i e d .  T h is  v a lu e  o f  i  i s  i Q c o r ­
r e s p o n d in g  to  t ^ .
S tep  4 - C a l c u l a t e  TQ c o r re s p o n d in g  to  t-[ em ploying th e
g r a p h i c a l  s o l u t i o n  o f  e q u a t io n  (35) shown i n  
F ig u r e  16.
S te p  5 - R e p e a t  S te p s  2, 3 and 4 f o r  o t h e r  v a l u e s  o f  t
( h ig h e r  th a n  t ^  i f  t h e  l i q u i d  i s  b e in g  h e a t e d ,  
low er i f  i t  i s  b e in g  c o o l e d ) .
S tep  6 - U s in g  t h e  r e s u l t s  o f  S te p s  2 and 3 f o r  t h e  d i f ­
f e r e n t  v a lu e s  o f  t ,  c a l c u l a t e  d l / d t  f o r  each  
v a l u e  o f  t .  See e q u a t io n  (4 0 ) .
S tep  7 -  P l o t  ( d l / d t )  v e r s u s  t ,  and g r a p h i c a l l y  i n t e g r a t e
from t ^  to  such  a v a lu e  o f  t  t h a t  t h e  a r e a  e q u a ls
1. T h is  v a lu e  i s  t Q.
S tep  8 -  U sing  i Q and  T0 from S te p s  3 and 4, c a l c u l a t e  H0
f o r  each  t  from e q u a t io n  ( 3 6 ) .  C a l c u l a t e  
H0 ( d l / d t )  f o r  each  t .
S tep  9 -  P l o t  H0 ( d l / d t )  v e r s u s  t  and  g r a p h i c a l l y  i n t e g r a t e
from  t ^  t o  t 0 . D iv id e  t h e  r e s u l t  by  1. T h is  
answ er i s  H0 av*
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E q u a tio n  (38) may be i n t e g r a t e d  d i r e c t l y  to  y i e l d :  
In i i  - i* ->
GI
where i '  i s  e v a lu a te d  a t  th e  chosen v a lu e  o f  t .  At t h i s  same 
v a lu e  o f  t ,  e q u a t io n  (25) may be i n t e g r a t e d  to  y i e l d :
_ (k~Ga Z) av
In
H' - Ht  • 
H*" -  H0 . gt <45>
w here H1 c o r re sp o n d s  to  te m p e ra tu re  t .
TQ can be  o b ta in e d  u s in g  i Q, HQ and e q u a t io n  (3 6 ) ,  Thus i t  
i s  n o t  n e c e s s a r y  to  u s e  th e  g r a p h ic a l  p ro c e d u re  to  e v a lu a te  
TQ and H0 f o r  each  v a lu e  o f  t .  However, to  o b t a in  t Q and 
H0 a v > th e  p ro c e d u re s  o u t l i n e d  i n  c o n ju n c t io n  w ith  e q u a t io n s
( 3 9 ) ,  ( 4 0 ) ,  (41) and (43) m ust a g a in  be employed.
2. E q u a tio n s  o f  L im ited  A p p l i c a b i l i t y
The e q u i l ib r iu m  c u rv e  does n o t  e x h i b i t  much c u r v a tu r e  
o v e r  sm a ll  te m p e ra tu re  r a n g e s .  The p re c e d in g  a n a l y s i s  i s  
s i g n i f i c a n t l y  s i m p l i f i e d  i f  th e  a ssu m p tio n  o f  a s t r a i g h t  
e q u i l ib r iu m  c u rv e  i s  made. L e t u s  assum e:
T 1 = A + Bi* (46)
w here A and B a r e  c o n s ta n t s  f o r  th e  p a r t i c u l a r  r e g io n  o f  th e  
e q u i l ib r iu m  c u rv e  b e in g  r e p r e s e n te d  by  a s t r a i g h t  l i n e .  
Combining e q u a t io n s  (3 3 ) ,  (34) and  (46) y i e l d s :
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d i kga dZ
- 1
(1 -  0 B) d i  
0 (A -  t )  +  i  0 B (47)
w here  0 i s  - (hLa Z )a v /(kQ a Z)a v .
T h is  may b e  i n t e g r a t e d  from 0 to  Z and  i ^  t o  i Q. N o t ic e  
t h a t  t  i s  c o n s t a n t  d u r in g  t h i s  i n t e g r a t i o n  i n  a c c o rd a n c e  
w i th  c h a r a c t e r i s t i c  (5) o f  t h e  m o d e l. The r e s u l t  o f  i n t e ­
g r a t i o n  i s
(kca Z)av  (1 -  0 B)
In
(A - t )  +  B i 0 
(A -  t )  +  B i ±G1 0 B
E q u a t io n  (48) may be s o lv e d  f o r  ij[ - i Q:
(K -  1) (A +  B ±i -  t )
(48)
^-i "* 1o -
w here  K = exp
K B 
(k(ja Z)a v
GI 1 +
(kga Z)av
(49)
(50)
B (hLa Z )av
I f  t h i s  i s  now s u b s t i t u t e d  i n  e q u a t io n  (40) and  t h e  i n t e g r a ­
t i o n  i n d i c a t e d  i n  e q u a t io n  (41) p e r fo rm e d ,  t h e r e  r e s u l t s
V (K -  1) 
L cL K B In
(A + B i i )  -  t 0
(51)L (a + b y  - t i  j
(A +  B i ^ )  i s  t h e  s a t u r a t i o n  t e m p e r a tu r e  o f  a g as  h a v in g  e n ­
t h a l p y  ±± .
E q u a t io n  (51) i s  u s e f u l  e x p e r i m e n ta l l y  f o r  o b t a i n i n g
( h j a  Z )av  p r o v id e d  (kga Z)a v  i s  known. An a d i a b a t i c  hum idi-
/
f i c a t i o n  ru n  i s  made a t  c e r t a i n  r a t e s  o f  l i q u i d  an d  v a p o r  
f lo w  t o  d e te r m in e  (kga Z )a v . Then a seco n d  ru n  i s  made a t  
t h e  same r a t e s  w i th  t h e  l i q u i d  h e a t e d  o r  c o o le d  b y  t h e  g a s
66
s tre a m . I f  i t  i s  assumed t h a t  (kga Z)av does n o t  v a ry  s i g ­
n i f i c a n t l y  w i th  th e  te m p e ra tu re  change, e q u a t io n  (51) may 
be employed w i th  m easured  v a lu e s  o f  L, V, H^, T^, t^  and t Q
to  o b ta in  K, K may be so lv e d  f o r  (hLa Z)a v »
I f  (hLa Z)av i s  i n f i n i t e ,  i n  a d d i t i o n  to  th e  e q u i l ib r iu m  
c u rv e  b e in g  s t r a i g h t ,  K i s  s im p l i f i e d :
K = exp (k^a Z)ay /G j (52)
3 . Systems O ther  Than A ir-W ate r
I n  system s o th e r  th a n  a i r - w a t e r ,  th e  Lewis r e l a t i o n  ex­
p r e s s e d  by e q u a t io n  (30) does n o t  a p p ly .  However, an equa­
t i o n  o f  th e  fo l lo w in g  form w i l l  be  a p p ro x im a te ly  v a l i d :  
kg
= b CS (53)
w here b i s  a  c o n s t a n t .  T h is  stem s from th e  f a c t  t h a t  
a p p ro x im a te ly
( ^ g /PG dL -I  /can
kQ Cs \  cG p c /k c  )
i n  a c c o rd a n c e  w i th  th e  C h i l to n -C o lb u rn  a n a lo g y ^ ^  betw een
h e a t  and mass t r a n s f e r .
Lewis and W h i t e i n t r o d u c e d  a "m o d if ie d ” e n th a lp y  
to  make u s e  o f  th e  a i r - w a t e r  e q u a t io n s  f o r  c o u n t e r c u r r e n t
c o n t a c t o r s  f o r  system s o th e r  th a n  a i r z w a t e r . E x p erim en ta ­
t i o n  r e v e a l s  t h a t  t h i s  te c h n iq u e  i s  s a t i s f a c t o r y  i n  th e  c a se
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u n d e r  s tu d y .  A " m o d if ie d "  e n th a lp y ,  I ,  i s  d e f in e d  a s  f o l lo w s :
XR H
1 -  c s (T -  Tr ) + —  (55)
T h is  i s  n o t  th e  same "m o d if ie d "  e n th a lp y  u se d  by Lewis and
W h ite ,  b u t ,  a c t u a l l y  a somewhat s im p le r  o ne . I f  e q u a t io n s
(53) and (55) a r e  employed i n  e q u a t io n s  (25) and (2 6 ) ,  
e q u a t io n s  an a lo g o u s  to  (31) and (32) a r e  o b ta in e d ,  w hich  
combine t o  y i e l d  th e  fo l lo w in g  e q u a t io n :
G jd i  = b kGa (I* - I )  dZ (56)
S i m i l a r l y ,  em ploying  e q u a t io n s  (53) and (55) i n  e q u a t io n s  
( 2 7 ) ,  (2 9 ) ,  and  (56) y i e l d s :
I  ~ 1 * -  (hx,a Z) av
t  -  T ' “ b ( l^ a  Z)av  W
E q u a t io n s  (5 6 ) ,  (57) and (58) may be employed i n  a p r o ­
c e d u re  much l i k e  t h a t  o u t l i n e d  i n  d e t a i l  f o r  e q u a t io n s  (3 3 ) ,  
(34) and (3 5 ) .  A p r o c e s s  d e s ig n  p ro c e d u re  a n a lo g o u s  to  t h a t  
g iv e n  i n  T a b le  I I  w i l l  be  d e s c r ib e d  a s  s u f f i c i e n t  i l l u s t r a ­
t i o n  o f  t h e  p ro c e d u re  f o r  sy s tem s o t h e r  th a n  a i r - w a t e r .
The knowns w i l l  a g a in  be  c o n s id e r e d  to  be  L, V, t ^ ,  T^,
Hi> z ) a v '  (hGa z )av> (hLa z) a v '  w and ^  and  th e  u n "
knowns a s  t Q, T0 av  and ,H 0 a v . As a  p r e l i m i n a r y  to  S tep  1,
a v a lu e  o f  b i s  chosen  u s in g  (kga Z)a v , (hga Z)a v , an  a v e ra g e
v a l u e  o f  eg f o r  t h e  c u r t a i n  and  e q u a t io n  (5 3 ) .  I t  i s  a l s o
c o n v e n ie n t  to  c o n s t r u c t  a p l o t  o f  " m o d i f ie d "  e n th a lp y  v e r s u s
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a c t u a l  e n th a lp y ,  on w hich  a r e  p la c e d  th e  s a t u r a t i o n  c u rv e  
and  numerous i s o th e r m s .
S te p  1 - C o n s t r u c t  t h e  " m o d if ie d ” e q u i l i b r iu m  c u rv e  employ­
in g  e q u a t io n  (5 5 ) .  T h is  i s  done s im p ly  by  c h o s in g  
a T, c a l c u l a t i n g  th e  s a t u r a t i o n  v a lu e  o f  H a t  T,
Cg a t  t h i s  H, and , f i n a l l y ,  I  from e q u a t io n  (5 5 ) .
S tep  2 - On th e  "m o d if ie d "  e n th a lp y  v e r s u s  te m p e ra tu r e  d i a ­
gram, c o n s t r u c t  t i e - l i n e s  a t  t£  and f i n d  (X' -  I )
a s  a f u n c t io n  o f  X u s in g  a p ro c e d u re  an a lo g o u s  
to  t h a t  i n  F ig u re  15 and j u s t i f i e d  by e q u a t io n  
(5 7 ) .
S te p  3 - O b ta in  i  f o r  each  v a lu e  o f  I  and  p l o t  1 / ( 1 '  -  I )
v e r s u s  i .  G r a p h ic a l ly  i n t e g r a t e  from i ^  to  such 
a v a lu e  o f  i  t h a t  e q u a t io n  (56) i s  s a t i s f i e d .
T h is  v a lu e  o f  i  i s  i Q c o r re s p o n d in g  to  t ^ .
S tep  4 -  C a l c u l a t e  T0 c o r re s p o n d in g  to  tj[ em ploying a
g r a p h i c a l  s o l u t i o n  to  e q u a t io n  (58) a n a lo g o u s  to  
t h a t  shown i n  F ig u r e  16. The p ro c e d u re  i s  
s l i g h t l y  c o m p lic a te d  by th e  f a c t  t h a t  t h e  g ra p h ­
i c a l  c o n s t r u c t i o n  y i e l d s  d i /d T ,  n o t  d l /d T .
However, t h i s  o n ly  r e q u i r e s  t h a t  c o n v e r s io n s  
from I  to  i  be  made a s  one p ro c e e d s  to  TQ, w h i le
a l i n e  o f  i  v e r s u s  T i s  c o n s t r u c t e d .
S tep  5 - R ep ea t s t e p s  2, 3 and 4 f o r  o t h e r  v a lu e s  o f  t
( h ig h e r  th a n  t ^  i f  t h e  l i q u i d  i s  b e in g  h e a t e d ,  
low er i f  i t  i s  b e in g  c o o le d ) .
S te p s  6 , -1y 8 and  9 a r e  i d e n t i c a l  w i th  th o s e  i n  T a b le  XX,
s in c e  t h e s e  s t e p s  a r e  n o t  p e c u l i a r  to  t h e  a i r - w a t e r  sy s tem .
4 .  D is c u s s io n  o f  t h e  A ssum ptions
T h e re  a r e  s e v e r a l  a s su m p tio n s  i n  t h e  p r e c e d in g  a n a l y s i s ,  
one t a c i t  and  th e  o t h e r s  s t a t e d .  I t  i s  w o r th w h i le  to  c o l l e c t  
a n d  d i s c u s s  them .
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(1) The v a r i a t i o n  i n  L a s  a r e s u l t  o f  v a p o r i z a t i o n  o r  
c o n d e n s a t io n  h a s  b een  assum ed n e g l i g i b l e .
(2) The L e w i s - r e l a t i o n ,  e q u a t io n  (3 0 ) ,  o r  a s i m i l a r  r e ­
l a t i o n ,  e q u a t io n  (5 3 ) ,  h a s  been  assumed to  r e l a t e  h g , kQ and
CS*
(3) In  d e v e lo p in g  e q u a t io n  (3 2 ) ,  eg a t  H h as  been  
assum ed e q u a l  to  eg a t  H’ . . ( I t  w i l l  be  shown t h a t  t h i s  was 
a n  u n n e c e s s a r y  a s s u m p t io n .)
(4) The e f f e c t  o f  th e  mass t r a n s f e r  r a t e  on th e  h e a t  
t r a n s f e r  c o e f f i c i e n t  h a s  b ee n  n e g l e c t e d .
A ssum ption  (4) was t a c i t l y  made.
A ssum ption  (1) i s  u s u a l l y  q u i t e  s a t i s f a c t o r y  f o r  d i r e c t  
c o n t a c t  h e a t  t r a n s f e r  i n  b a f f l e - D l a t e  and d i s c - a n d - d o n u tf
to w e r s .
A ssum ption  (2) i s  a  good a p p ro x im a t io n .  I t  i s  w o r th ­
w h i le  m e n t io n in g  t h a t  a s su m p tio n  (2) does n o t  depend upon 
th e  a c c u ra c y  o f  th e  C h i l to n -C o lb u r n  a n a lo g y  be tw een  h e a t  
and  mass t r a n s f e r ,  b u t ,  i s  more g e n e r a l l y  t r u e .  Thus, f o r  
f lo w  a b o u t  t h e  d ro p s  i n  a  c u r t a i n ,  one  can  c o n c lu d e  by d i ­
m e n s io n a l  a rg u m en ts  t h a t
w h ere  R i s  some l i n e a r  d im e n s io n  c h a r a c t e r i s t i c  o f  t h e  d ro p s ,  
an d  G i s  a c h a r a c t e r i s t i c  m ass v e l o c i t y  o f  t h e  g as  p h a s e .
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S i m i l a r l y ,  one r e a s o n s  t h a t
pG dL -I
M<5 ) (60)
Combining t h e s e  r e l a t i o n s :
A l l  t h a t  a s su m p tio n  (2) s t a t e s  i s  t h a t  f o r  any one c u r t a i n
s m a ll  so t h a t  0" i s  c o n s t a n t .  T h is  s i t u a t i o n  i s  u s u a l l y  
th e  c a s e ,  s i n c e  t h e  g ro u p s  (c|i/K) and (fi/pd) a re  n o t  v e r y  
s e n s i t i v e  to  changes  i n  te m p e ra tu r e  and  c o m p o s i t io n .  I t  i s  
em phasized  t h a t  t h e s e  c o n s i d e r a t i o n s  a p p ly  to  h e a t  t r a n s f e r  
c o e f f i c i e n t s  o b ta in e d  w i th o u t  s i g n i f i c a n t  mass t r a n s f e r  o c ­
c u r r i n g ,  and v i c e  v e r s a .
A ssum ptions (3) and  (4) b e a r  c o n s id e r a b le  d i s c u s s i o n .
To fo c u s  o u r  a t t e n t i o n ,  c o n s id e r  t h e  i d e a l i z e d  f low  s i t u a ­
t i o n  i n  p a s s in g  a p h ase  b o u n d a ry , d e p i c t e d  i n  F ig u r e  17.
The llf i lm ,, th e o r y  i s  b e in g  em ployed. I t  i s  n o t  p o s s i b l e  to  
d i s c u s s  t h e  e f f e c t s  o f  one t r a n s f e r  p r o c e s s  on a n o t h e r  w i th ­
o u t  t h e  u s e  o f  some more m e c h a n i s t i c  th e o ry  th a n  th e  " tw o- 
p h a se  r e s i s t a n c e "  th e o r y  w hich  h a s  th u s  f a r  b ee n  employed 
i n  t h i s  c h a p t e r .
L e t  u s  make an  en e rg y  b a la n c e  f o r  t h e  h e a t  t r a n s f e r r e d
th e  changes  i n  t h e  d im e n s io n le s s  g roups  a r e  s u f f i c i e n t l y
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t o  t h e  l i q u i d ,  q:
q = -Gj c s dT + Gx dH cl _g (T 1 - Tfc) (62)
The s u b s c r i p t  b i s  b e in g  u sed  to  d en o te  th e  te m p e ra tu re  o f  
th e  gas  b u lk .  N o tic e  t h a t  t h i s  i s  n o t  th e  same a s  e q u a t io n
t o  th e  f i lm ,  q 1, e q u a t io n  (26) r e s u l t s .  E q u a tio n  (62) i n ­
c lu d e s  a te rm , Gx dH Cxj_q (T 1 - T ^ ) , to  acco u n t f o r  th e  h e a t  
r e q u i r e d  to  r a i s e  th e  te m p e ra tu re  o f  th e  v a p o r iz e d  l i q u i d .  
T h is  term  a p p e a rs  to  have n o t  been  c o n s id e re d  by w o rk e rs  i n  
t h i s  f i e l d .  I t  w i l l  be shown t h a t  by u se  o f  t h i s  e q u a t io n ,  
i t  i s  p o s s i b l e  to  e l im in a t e  th e  need f o r  a ssu m p tio n  (3 ) .
The h e a t  t r a n s f e r  c o e f f i c i e n t  m easured when t h e r e  i s  no 
mass t r a n s f e r ,  hg , i s  g iv e n  by th e  e q u a t io n
I t  w i l l  be  assumed t h a t  Xf i s  th e  same when th e r e  i s  h e a t  
t r a n s f e r  w i th  no mass t r a n s f e r ,  mass t r a n s f e r  w i th  no h e a t  
t r a n s f e r ,  and s im u lta n e o u s  h e a t  and mass t r a n s f e r .  T h is  
sh o u ld  b e  a p p ro x im a te ly  t r u e ,  s in c e  X£ i s  d e te rm in ed  p r i n ­
c i p a l l y  by th e  flow  c o n d i t io n s  p a s t  t h e  i n t e r f a c e .
When t h e r e  i s  mass t r a n s f e r ,  hg a s  d e f in e d  by  e q u a t io n  
(63) sh o u ld  ho lo n g e r  b e  d i r e c t l y  a p p l i c a b l e .  C o n s id e r  an 
en e rg y  b a la n c e  a round  t h e  f i lm  o f  th i c k n e s s  x .  One w r i t e s
( 2 6 ) .  I f  an en e rg y  b a la n c e  i s  made fo r  th e  h e a t  t r a n s f e r r e d
(63)
which may be rearranged to the form:
d T dx
GI  dH c L_G (T - X ')  + q kg
I n t e g r a t i n g  from T, to  T 1, and 0 to  X f, y i e l d s :
r Gi  dH cl - g <Tb - T ‘ ) + q i
(65)
Gx dH cL„G In
x f
c  <66>
Gx dH i s  th e  mass t r a n s f e r  r a t e  and  i s  r e l a t e d  to  t h e  
mass t r a n s f e r  c o e f f i c i e n t  by  th e  e x p r e s s io n
kG (H' -  Hb ) = Gx dH (67)
The c o e f f i c i e n t  kG, and , h e n c e ,  t h e  mass t r a n s f e r  r a t e ,  i s
n o t  v e r y  d ep e n d en t  upon th e  te m p e r a tu r e  l e v e l  o r  t h e  h e a t  
t r a n s f e r  r a t e .
R e a r ra n g in g  e q u a t io n  (66) and in t r o d u c i n g  e q u a t io n  (63) 
and  (67) g iv e s
q = hG (Tb - T ' )  F (68)
w here  F i s  a  c o r r e c t i o n  f a c t o r  to  a c c o u n t  f o r  t h e  i n f l u e n c e  
o f  t h e  mass t r a n s f e r .  F i s  g iv e n  by
F = D /( e D - 1) (69)
D -  ke  (H* -  Hb ) cL. G/h G (70)
E q u a t io n  (68) i s  t h e  same r e s u l t  o b ta in e d  by  C o lbu rn  and
Drew^ ^  ^ when c o n s id e r in g  t h e  p rob lem  o f  t h e  c o n d e n s a t io n
o f  m ixed v a p o r s .
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However, e q u a t io n  (26) i s  w r i t t e n  i n  te rm s o f  th e  en e rg y  
t r a n s f e r r e d  t h e  f i lm :
q '  = -Gj cs  dT (71)
Combining e q u a t io n s  ( 6 2 ) ,  and (71) y i e l d s
q '  = hG (Tb - T ' ) ( F  + D) (72)
To be  p r e c i s e ,  (F + D) sh o u ld  b e  in t r o d u c e d  i n t o  e q u a t io n  
(2 6 ) .  Thus, we se e  t h a t  one can  u t i l i z e  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  o b ta in e d  i n  s t u d i e s  o f  h e a t  t r a n s f e r  w i th  no
m ass t r a n s f e r  e i t h e r  to  e v a l u a t e  q , e q u a t io n  ( 6 2 ) ,  o r  q ' ,
e q u a t io n  ( 7 1 ) .  The o n ly  d i f f e r e n c e  i s  i n  t h e  c o r r e c t i o n  
f a c t o r .
I n  t h e  c a s e  o f  th e  a i r - w a t e r  sy s tem , i f  one employs 
e q u a t io n  (6 2 ) ,  r a t h e r  th a n  e q u a t io n  (71) a s  th e  l e f t - h a n d -  
member o f  e q u a t io n  (2 6 ) ,  e q u a t io n  (33) r e s u l t s  w i th  no 
a s s u m p tio n  c o n c e rn in g  Cg a t  H e q u a l l i n g  Cg a t  H1. Hence, 
a s s u m p tio n  (3) may be  a v o id e d .
The e x i s t e n c e  o f  a s su m p tio n  ( 4 ) sh o u ld  a lw ays be  b o rn e  
i n  m ind . To g iv e  t h e  r e a d e r  some id e a  o f  t h e  m a g n itu d e  o f  
t h e s e  c o r r e c t i o n  f a c t o r s ,  F ig u r e  18 p l o t s  F and  (F + D) 
v e r s u s  i n t e r f a c e  te m p e r a tu r e  f o r  t h e  a i r - w a t e r  sy s tem  a t  
1 .0  a tm o s p h e re .  A sam ple c a l c u l a t i o n  o f  t h i s  g ra p h  i s  p r e ­
s e n te d  i n  A ppendix I I I  . S e v e r a l  a p p ro x im a te  d r y - b u lb  
t e m p e r a tu r e s  o f  th e  g as  s t r e a m s  a r e  i n d i c a t e d  on t h e  c u r v e s ,
F
 or
 
(F 
+ 
D)
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assum ing  a d i a b a t i c  o p e r a t io n  o f  th e  c o n t a c t o r .  C l e a r ly ,  th e  
c o r r e c t i o n  f a c t o r s  d i f f e r  s i g n i f i c a n t l y  from u n i t y  o n ly  when 
d e a l in g  w i th  h ig h  te m p e ra tu re  a i r .  From th e  p o i n t  o f  view  
o f  p ro c e s s  d e s ig n ,  th e s e  c o r r e c t i o n  f a c t o r s  a r e  m ost im por­
t a n t  when d e a l in g  w i th  quenching  o p e r a t io n s .
G en e ra l  Case o f  S im u ltan eo u s  H eat and Mass T ra n s f e r
R e l a t i v e l y  s im p le  g r a p h ic a l  o r  a n a l y t i c a l  p ro c e d u re s  
a r e  n o t  a v a i l a b l e  f o r  s o lv in g  t h i s  c a s e ,  and t h e r e  i s  l i t t l e  
p r o b a b i l i t y  t h a t  any wi-ll be  d e v is e d .  No a t te m p t  w i l l  be 
made a t  t h i s  tim e  to  s o lv e  t h i s  p rob lem ; however, a few 
words a r e  i n  o rd e r  c o n c e rn in g  th e  n a t u r e  o f  th e  prob lem .
The model p r e v io u s ly  in t ro d u c e d  i s ,  o f  c o u r s e ,  s t i l l  
a p p l i c a b l e .  A lso ,  th e  n o t io n s  o f  v o lu m e tr ic  h e a t  and mass 
t r a n s f e r  c o e f f i c i e n t s  rem ain  a p p r o p r i a t e ;  and e x p e r im e n ta l  
d a t a  o b ta in e d  from l e s s  complex s i t u a t i o n s  would be u s e f u l  
and d e s i r a b l e .  The c o m p lic a t in g  f a c t o r  a s s o c i a t e d  w i th  
t h i s  g e n e r a l  c a s e  o f  s im u lta n e o u s  h e a t  and mass t r a n s f e r  i s  
t h a t  n o t  one , b u t  many components a r e  b e in g  t r a n s f e r r e d  betw een  
th e  gas  and l i q u i d  p h a s e s .  T h is  in t r o d u c e s  th e  n e c e s s i t y  o f  
f in d in g  th e  i n t e r f a c e  te m p e ra tu re  and c o m p o s it io n  by le n g th y  
t r i a l  and  e r r o r  c a l c u l a t i o n s .  S im i l a r  c a l c u l a t i o n s  have  a l ­
r e a d y  been  e n c o u n te re d  i n  th e  f i e l d  o f  h e te ro g e n e o u s  ch em ica l
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r e a c t o r s w h e r e i n  t h e r e  i s  s im u l ta n e o u s  h e a t  t r a n s f e r ,  
m ass t r a n s f e r  and  ch e m ic a l  r e a c t i o n  betw een  p h a s e s .
W ith  t h e  a d v e n t  o f  h ig h - s p e e d  co m p u te rs ,  n u m e r ic a l  so ­
l u t i o n s  o f  t h e  d i f f e r e n t i a l  e q u a t io n s  r e l a t i n g  m a t e r i a l  
b a la n c e s  to  mass t r a n s f e r  c o e f f i c i e n t s  and en e rg y  b a la n c e s  
to  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  th e  m u lt ico m p o n en t c a s e  
a r e  u n q u e s t io n a b ly  p o s s i b l e ,  and o b t a in in g  th e  s o l u t i o n s  
w i l l  p ro v e  to  be  a f a s c i n a t i n g  p rob lem .
F o r t u n a t e l y ,  m ost o f  th e  a p p l i c a t i o n s  o f  d i r e c t  c o n t a c t  
h e a t  t r a n s f e r  a r e  ap p ro x im a ted  by  one o f  th e  t h r e e  p re c e d in g  
s i t u a t i o n s  w hich  have  b een  a n a ly z e d .  I t  i s  w o r th w h i le  men­
t i o n i n g  t h a t  t h e  A m erican I n s t i t u t e  o f  Chem ical E n g in e e rs
h a s  sp o n so re d  a  f i v e - y e a r  program  on p l a t e  e f f i c i e n c y  s t u d i e s
( 2 }i n  b u b b le -c a p  and s i e v e - t r a y  t o w e r s . v ' T hese  s t u d i e s  have 
m easu red  kg and  v a l u e s ,  u s u a l l y  when a s i n g l e  component 
was b e in g  t r a n s f e r r e d .  To a p p ly  t h e s e  r e s u l t s  to  t h e  com­
m e r c i a l l y  im p o r ta n t  c a s e  o f  m u lt ico m p o n en t d i s t i l l a t i o n  w i l l  
n e c e s s i t a t e  s o lv in g  a s im u l ta n e o u s  h e a t  and  mass t r a n s f e r  
p ro b lem  much l i k e  t h e  one b e in g  d i s c u s s e d .
CHAPTER V 
APPLICATION OF MODEL THEORY
I n  t h i s  c h a p te r  model th e o r y  w i l l  be  a p p l i e d  to  th e  
s c a le - u p  o f  h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  o b ta in e d  
from e x p e r im e n ta l  o b s e r v a t i o n s .  T h is  a p p l i c a t i o n  w i l l  a c ­
co m p lish  two p u rp o s e s :  (1) t h e  n a t u r e  o f  a  d e s i r a b l e  e x p e r i ­
m e n ta l  a p p a r a tu s  w i l l  b e  a s c e r t a i n e d ;  and (2) d im e n s io n le s s  
g ro u p in g s  o f  v a r i a b l e s  w i l l  b e  fo rm u la te d ,  w hich  sh o u ld  
p ro v e  o f  u t i l i t y  i n  c o r r e l a t i n g  e x p e r im e n ta l  d a t a .
The p r i n c i p a l  q u e s t io n  to  be  answ ered  by model th e o ry  
i s  how may th e  r e s u l t s  from a s m a l l - s c a l e  e x p e r im e n t  be  u se d  
to  p r e d i c t  th e  p e rfo rm an ce  o f  a l a r g e - s c a l e  u n i t ?  The answ er 
i s  o b ta in e d  by d e c id in g  upon th e  v a r i a b l e s  o f  im p o r ta n c e ,  
g ro u p in g  th e s e  v a r i a b l e s  i n t o  d im e n s io n le s s  g ro u p s  u s in g  th e  
te c h n iq u e  o f  d im e n s io n a l  a n a l y s i s ,  an d ,  f i n a l l y ,  exam in ing  
t h e  e f f e c t  o f  a  change i n  s c a l e  by  means o f  t h e  d im e n s io n ­
l e s s  g ro u p s .
D im en s io n a l A n a ly se s
In  t h e  p r e c e d in g  c h a p te r ,  i t  was n e c e s s a r y  t o  i n t r o d u c e  
f o u r  f a c t o r s  i n t o  t h e  a n a l y s i s  o f  d i r e c t  c o n t a c t  h e a t  t r a n s ­
f e r  u n d e r  m is c e l l a n e o u s  c i r c u m s ta n c e s :  (kg3 Z)a v , (hga Z)a v ,
(h^a  Z)av  and 1 . I n  t h i s  s e c t i o n  a  d im e n s io n a l  a n a l y s i s  w i l l  
b e  made f o r  each  o f  t h e s e .
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The v a r i a b l e s  o f  p o s s i b l e  im p o r ta n c e  a r e  p r e s e n te d  i n  
T a b le  I I I .  L e t  u s  f i r s t  c o n s id e r  (hga Z)a v . To fo cu s  o u r  
a t t e n t i o n ,  l e t  a  d i s c - a n d - d o n u t  tow er b e  c o n s id e r e d .  I n
t h i s  c a s e ,  th e  l i n e a r  d im ension  d e s c r i b i n g  t h e  c o n t a c t o r
geom etry  co u ld  be  Dx, th e  d ia m e te r  o f  t h e  d i s c .  R e f e r r in g  
t o  F ig u re  7, o t h e r  geom etry  f a c t o r s  o f  p o s s i b l e  im p o r ta n c e  
a r e :
D2 = i n n e r  d ia m e te r  o f  t h e  d o n u t
D3 = o u t e r  d ia m e te r  o f  th e  d onu t
Pp = p l a t e  sp a c in g
Ng = number o f  e q u a l ly - s p a c e d  r a d i a l  b a f f l e s  on d i s c s  
and  d o n u ts
Pg = h e i g h t  o f  r a d i a l  b a f f l e s  
S = s lo p e  o f  t h e  d i s c s  and d o n u ts  
I f  a w e i r  w ere  em ployed, a d d i t i o n a l  f a c t o r s  would be  i n t r o ­
duced  to  d e s c r i b e  t h i s .
A l l  o f  t h e  v a r i a b l e s  l i s t e d  i n  T a b le  I I I  may be  o f  im­
p o r t a n c e  i n  d e te rm in in g  (h(;a Z)av  e x c e p t  cL, an d  d ^ . j .  
Hence:
(h(ja Z)a v  = 0  Cu>L, M>G* PG> Kg, o ,L , V ,D i,D 2,D3>Pp>Ng, (1)
■PB.Sig)
w here  0. d e n o te s  some s o r t  o f  f u n c t i o n a l  d ep en d en ce .
T h ere  a r e  e ig h t e e n  v a r i a b l e s .  The r u l e  o f  Van D r ie s  
i s  u s e f u l :
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TABLE III
VARIABLES OF POSSIBLE IMPORTANCE IN THE DIRECT CONTACT
HEAT TRANSFER SITUATIONS OF CHAPTER IV
To D e sc r ib e  t h e  L iq u id  P hase  -
V’L* PLJ cL’ KL
To D e sc r ib e  th e  Vapor Phase -
PG* cG' KG' dL -I
To D e sc r ib e  th e  L iqu id -V apor I n t e r a c t i o n  -
a
To D e sc r ib e  th e  Flow R a te s  -  
L, V
To D e sc r ib e  th e  C o n ta c to r  Geometry -
M is c e l la n e o u s  l i n e a r  d im e n s io n s .  See th e  p re c e d in g  page 
f o r  geom etry  f a c t o r s  w hich d e s c r ib e  a d i s c - a n d -d o n u t  tow er 
w i th o u t  w e i r s .
To D e s c r ib e  Im p o r ta n t  F o rc e  F i e l d s  - 
S
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"The maximum number o f  in d e p en d e n t  d im e n s io n le s s  
g roups  e q u a ls  t h e  t o t a l  number o f  v a r i a b l e s  l e s s  th e  
maximum number o f  th e s e  w hich w i l l  n o t  form a dimen­
s i o n l e s s  g ro u p ."
T h is  r u l e  i s  i d e n t i c a l  w i th  t h a t  p ro p o sed  by Bridgman in  
te rm s o f  d im e n s io n a l  m a t r i c e s . ^  ^ ^  I n  t h i s  c a s e  t h e r e
a r e  fo u r  v a r i a b l e s  w hich w i l l  nd.t form a d im e n s io n le s s  g roup . 
F o r  exam ple, Dx, p^ , (x  ^ and eg w i l l  n o t  form a d im e n s io n le s s  
g ro u p . Thus, t h e r e  a r e  e ig h te e n  minu's f o u r ,  o r  f o u r t e e n ,  
d im e n s io n le s s  g ro u p s .  A t y p i c a l  s e t  i s  fo l lo w in g :
N o t ic e  t h a t  d im e n s io n a l  a n a l y s i s  does n o t  g iv e  any in fo rm a ­
t i o n  c o n c e rn in g  th e  n a t u r e  o f  t h e  f u n c t io n .
S im i la r  a n a ly s e s  may be co n d u c ted  f o r  (kga Z)av  and 
(h^a Z)a v . I n  t h e  c a s e  o f  (kga Z)a v , a l l  o f  th e  v a r i a b l e s  
i n  T a b le  I I I  a r e  o f  im p o r ta n ce  ex c e p t  c^ , KL, Cq and Kg.
A t y p i c a l  s e t  o f  g ro u p s  i s  t h e  fo l lo w in g :
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7 \ n Th e  saraa g ro u p s  shown on th e
A-5___ .§_Y— i  = 0" r i g h t - h a n d  s id e  o f  e q u a t io n
dL -I  PG L * o m i t t in g  (cgHq/Kg) and
a d d in g  ( |I q /P G d L - t )
(3)
(h^a 2 ) av  p o s s i b l y  depends upon a l l  t h e  v a r i a b l e s  i n  T a b le  
I I I  e x c e p t  Cq, Kq  and d ^ . j .  The r e s u l t  o f  d im e n s io n a l  
a n a l y s i s  i s
The same g ro u p s  shown on th e  
r i g h t - h a n d  s id e  o f  e q u a t io n  
* [ ( 2 ) ,  r e p l a c i n g  (cG|iG/KG) w i th
<c i r t / KL >
(hLa 2 ) a v  Di ^
(4)
A d im e n s io n a l  a n a l y s i s  may be  made f o r  1. R e f e r r in g  to  
T ab le  I I I ,  one co n c lu d e s  t h a t
l = t o  (|iL, pL, m.g , pc , a , L, V, g , D i, D2, D , Pp , (5)
% ,  pb > s >
w here co d e n o te s  some s o r t  o f  f u n c t i o n a l  dependence* Dimen­
s i o n a l  a n a l y s i s  i n d i c a t e s  t h a t
Di
The same g ro u p s  shown on th e  r i g h t - h a n d  s id e '  
o f  e q u a t io n  ( 2 ) ,  o m i t t i n g  (cqMq /Kq) ( 6)
The d im e n s io n le s s  g ro u p s  on th e  r i g h t - h a n d  s i d e  o f  eq u a­
t i o n s  ( 2 ) ,  ( 3 ) ,  (4) and (6) may b e  c l a s s i f i e d  a s  f o l lo w s :  
Geometry Groups -
( S t  ) • (  S t  ) • (  * ) ■ - • ( & ) ■ •
W ith in -P h a s e  P h y s i c a l  P r o p e r ty  Groups -
(  f ^ G  \  /  HG \  (  c LM.l  \
'  Kq J ' V  PG L - I  Kl  )
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Betw een- Pha s e P h y s ic a l  P r o p e r ty  Groups
Groups R e la t i n g  to  t h e  Flow P a t t e r n  -
(  v *  ^  (  v  'j ( L ) (  v gV PG D x3 a  J  '  V [ i g  D x J  '  V V J  '  V g p Qa  D x s
T hree  o f  th e  g ro u p s  r e l a t i n g  to  t h e  f low  p a t t e r n  have  
a name and  a p a r t i c u l a r  s i g n i f i c a n c e :
I f  a b a f f l e - p l a t e  tow er had  b een  c o n s id e r e d ,  r e s u l t s  
s i m i l a r  to  th o s e  above w ould have been  o b ta in e d .
The E x p e r im e n ta l  Model
S e v e r a l  ty p e s  o f  m odels c o u ld  b e  c o n s t r u c t e d  f o r  a d i s c -  
a n d -d o n u t  o r  b a f f l e - p l a t e  to w e r .
I n  m odel t h e o r y  t e r m i n o l o g y / ^ ^  a "m odel" c o u ld  b e  co n ­
s t r u c t e d .  T h is  would  be  a  s m a l l  to w er  g e o m e t r i c a l l y  s i m i l a r  
t o  t h e  l a r g e - s c a l e  " p r o t o t y p e " .  L e t  u s  i n v e s t i g a t e  t h e  s c a l e  
r e l a t i o n s  f o r  d a t a  o b ta in e d  on a m o d e l.  R e f e r r i n g  to  t h e
i s  a  Weber Number and r e l a t e d  to  t h e  r a t i o  
o f  i n e r t i a l  f o r c e s  to  s u r f a c e  t e n s i o n  f o r c e s
i s  a R eynolds Number and r e l a t e d  to  th e  r a t i o  
o f  i n e r t i a l  f o r c e s  to  v i s c o u s  f o r c e s .
i s  a F roude  Number and  r e l a t e d  to  t h e  r a t i o  
o f  i n e r t i a l  f o r c e s  to  g r a v i t a t i o n a l  f o r c e s .
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p r e c e d in g  c l a s s i f i c a t i o n  o f  d im e n s io n le s s  g ro u p s ,  one n o t i c e s  
t h a t  a l l  t h e  geom etry  g ro u p s  a re  th e  same i n  a m odel and p r o ­
t o t y p e .  T h is  r e d u c e s  th e  number o f  g ro u p s  to  be  i n v e s t i g a t e d  
to  n i n e .  Suppose f u r t h e r  t h a t  e x p e r im e n ta l  i n v e s t i g a t i o n s  
a r e  made u s in g  th e  same o r  s i m i l a r  f l u i d s  i n  th e  model and 
p r o t o t y p e .  Then th e  w i th in - p h a s e  and b e tw e e n -p h a se  p h y s i c a l  
p r o p e r t y  g ro u p s  would be t h e  same i n  th e  m odel and  p r o t o t y p e .  
Even u n d e r  t h e s e  c i r c u m s ta n c e s  th e  r e s u l t s  o f  t h e  model c o u ld  
n o t  b e  u se d  i n  th e  p r o t o t y p e ,  b e c a u s e  th e  g ro u p s  r e l a t i n g  
to  t h e  f low  p a t t e r n  a r e  in c o m p a t ib le :
I t  i s  p o s s i b l e  to  s a t i s f y  b u t  one o f  t h e s e  t h r e e  s c a l e  r e l a ­
t i o n s  d u r in g  s c a l e - u p .
The o b v io u s  s o l u t i o n  t o  t h i s  p rob lem  i s  to  d e te rm in e  
t h e  f u n c t i o n a l  r e l a t i o n s h i p  be tw een  th e  t r a n s f e r  c o e f f i c i e n t  
g ro u p s  and t h e  t h r e e  g ro u p s  r e l a t i n g  to  t h e  f low  p a t t e r n .  
However, to  o b t a i n  in d e p e n d e n t  v a r i a t i o n  o f  a l l  t h r e e  g ro u p s ,  
i t  i s  n e c e s s a r y  to  employ d i f f e r e n t  f l u i d s  i n  a d d i t i o n  to  
v a r y in g  t h e  f lo w  r a t e ;  b u t ,  t h i s , ,  i n  t u r n ,  v a r i e s  t h e  b e -  
tw e e n -p h a se  and  w i th in - p h a s e  p h y s i c a l  p r o p e r t y  g ro u p s .  Thus,
Group S c a le  R e la t io n
Weber Number
F roude  Number
R eynolds Number
Va/D 3 = a c o n s t a n t  
V/Dx = a c o n s t a n t  
Va/D 15 , a c o n s t a n t
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i n  summary, i f  a model i s  u se d  to  o b t a i n  e x p e r im e n ta l  d a t a ,  
t h e  d a t a  m ust b e  c o r r e l a t e d  a s  a f u n c t io n  o f  p o s s i b l y  a s  
many a s  n in e  g ro u p s  ( th e  w i th in - p h a s e  and b e tw e e n -p h a se  
p h y s i c a l  p r o p e r ty  g ro u p s  p lu s  th e  f l o w - p a t t e r n  g ro u p s)  in  
o r d e r  to  u s e  th e  r e s u l t s  f o r  l a r g e - s c a l e  d e s ig n .
F o r t u n a t e l y ,  i t  i s  p o s s i b l e  to  o b t a i n  e x p e r im e n ta l  d a ta  
on a  " s e c t i o n "  a s  d e p i c t e d  i n  F ig u re  19. A s e c t i o n  i s  a 
s l i c e  o f  th e  l a r g e - s c a l e  to w e r .  The e s s e n t i a l  f e a t u r e  o f  a 
s e c t i o n  i s  t h a t  u n d e r  i d e n t i c a l  o p e r a t i n g  c o n d i t io n s  i t  p r o ­
duces  t h e  same d e g re e  o f  change t h a t  th e  p r o to ty p e  p ro d u c e s  
b u t  i n  a  s m a l le r  q u a n t i t y  o f  m a t t e r .  A l l  t h e  l i n e a r  dim en­
s io n s  i n  t h e  s e c t i o n  and p r o to ty p e  a r e  i d e n t i c a l  e x c e p t  t h a t  
one w hich  r e p r e s e n t s  t h e  s l i c e .
To b e  s a t i s f a c t o r y ,  a s e c t i o n  m ust m in im ize  w a l l  e f f e c t s .  
F o r  exam ple , when a s e c t i o n  i s  em ployed, t h e  l i q u i d  and gas  
w hich  w ere  a d j a c e n t  to  t h e  l i q u i d  and gas  passmng th ro u g h  
t h e  s e c t i o n  i n  t h e  com m ercia l tow er a r e  r e p l a c e d  by  w a l l s .
The p r e s e n c e  o f  t h e  w a l l s  c e r t a i n l y  somewhat i n f l u e n c e s  t h e  
f low  p a t t e r n  i n  th e  g as  and  l i q u i d ;  how ever, i f  t h e  s e c t i o n  
i s  made s u f f i c i e n t l y  w id e , t h i s  e f f e c t  i s  m in im iz e d .  I n  t h e  
f o l lo w in g  c h a p t e r ,  t h e  c h o ic e  o f  s i x  in c h e s  w id th  i s  d e s c r ib e d  
f o r  t h e  s e c t i o n  o f  a b a f f l e - p l a t e  to w e r .
I t  i s  n o t  a lw ay s  p o s s i b l e  o r  d e s i r a b l e  to  employ a
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"SECTION"
OF A 
BAFFLE-PLATE TOWER
N O T E :
T h e  s e c t i o n s " w h ic h  m ic /h t  b e  e m p l o y e d  a s  e x p e r im e n te r !  
c o n ta c to rs  crre  o u t / in e d  in  h e a v y  lin e s .
l’S E C T \O N “
OF A
DISC-AND-DONUT TOWER
Figure 19 
CONCEPT OF A "SECTION"
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s e c t i o n  r a t h e r  th a n  a m odel. For exam ple, i f  one were con­
ce rn e d  w i th  model ex p e r im en ts  aimed a t  d e te rm in in g  th e  p r e s ­
s u r e  drop i n  a v e ry  l a r g e  d ia m e te r  p ip e ,  th e  u se  o f  a s e c t i o n  
would be im p r a c t i c a l  and u n d e s i r a b l e .  R a th e r ,  one would 
s tu d y  p r e s s u r e  drop i n  a sm a ll d ia m e te r  p ip e  ( a c t u a l l y ,  a 
' ’model” ) , u s in g  d i f f e r e n t  r a t e s  o f  f low  and p e rh ap s  d i f f e r e n t  
f l u i d s .  On th e  o th e r  hand, i f  one i s  concerned  w i th  model 
e x p e r im e n ts  to  d u p l i c a t e  th e  a b s o r p t io n  o f  a g as  in  a l a r g e  
d ia m e te r  packed  tow er, th e  u se  o f  a s e c t i o n  i s  a t t r a c t i v e .
I n  t h i s  c a s e  a s e c t i o n  would b e  a  sm a ll  d ia m e te r  to w er , o f  
t h e  same h e i g h t  a s  th e  l a r g e  tow er and packed w i th  th e  same 
p a c k in g .  I t  i s  w o rth  m e n tio n in g  t h a t  a l l  too  much packed - 
tow er r e s e a r c h  h a s  been  conduc ted  on m odels (w ith  sm a ll  
d ia m e te r  p ack in g )  r a t h e r  th a n  s e c t i o n s .  Even to d ay  t h e r e  i s  
no g e n e r a l l y  s a t i s f a c t o r y  d e s ig n  in f o rm a t io n  f o r  l a r g e - s c a l e  
packed  to w e rs .
The a d v a n ta g e  o f  em ploying a s e c t i o n  i s  t h a t  i t  sim­
p l i f i e s  t h e  s c a le -u p  p rob lem . I f  f l u i d s  h a v in g  th e  same o r  
s i m i l a r  p h y s i c a l  p r o p e r t i e s  a r e  employed i n  th e  s e c t i o n  and 
p r o to ty p e ,  th e  r e s u l t s  a r e  im m ed ia te ly  a p p l i c a b l e  to  l a r g e -  
s c a l e  d e s ig n .  N o t ic e  t h a t  i n  e s s e n c e  th e  l a r g e - s c a l e  tow er 
s im p ly  c o n ta in s  more s e c t i o n s  h a v in g  th e  same d im ensions  a s  
th e  e x p e r im e n ta l  s e c t i o n .  F u r th e rm o re ,  when d i f f e r e n t
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f l u i d s  a r e  employed i n  th e  s e c t i o n  and p r o to ty p e ,  i t  i s  
g e n e r a l l y  e a s i e r  to  o b t a i n  g e n e r a l i z e d  c o r r e l a t i o n s ,  b e c a u se  
th e  e f f e c t s  o f  changes i n  l i n e a r  d im en s io n s  d u r in g  s c a le - u p  
n eed  n o t  be  c o n s id e r e d .
CHAPTER VI 
EXPERIMENTAL APPARATUS AND PROCEDURES
D esign  o f  th e  G a s-L iq u id  C o n ta c to r
I n  t h e  p re c e d in g  c h a p te r  i t  was conc luded  t h a t  t h e  ex ­
p e r im e n ta l  g a s - l i q u i d  c o n t a c t o r  shou ld  be a s e c t i o n  o f  a 
l a r g e - s c a l e  b a f f l e - p l a t e  o r  d i s c -a n d -d o n u t  to w er .  The s e c ­
t i o n  o f  a b a f f l e - p l a t e  tow er i s  r e c t a n g u l a r ,  b u t  t h e  s e c t i o n  
o f  a d i s c -a n d -d o n u t  tow er i s  th e  s e c t o r  o f  a  c i r c l e .  See 
F ig u re  19. However, i f  t h e  d i s c -a n d -d o n u t  tow er i s  l a r g e  
i n  d ia m e te r ,  t h e  p o r t i o n  o f  t h e  tow er i n  w hich th e  p r i n ­
c i p a l  g a s - l i q u i d  c o n t a c t in g  i s  o c c u r r in g  i s  a p p ro x im a te ly  
r e c t a n g u l a r .  C o n seq u en tly ,  i t  was d e c id ed  to  c o n s t r u c t  a 
r e c t a n g u l a r  s e c t i o n  from w hich d a ta  d i r e c t l y  a p p l i c a b l e  to  
a b a f f l e - p l a t e  tow er and a p p ro x im a te ly  a p p l i c a b l e  to  a 
d i s c - a n d - d o n u t  tow er would b e  o b ta in e d .
The w id th  o f  th e  s e c t i o n  m ust b e  chosen  to  m in im ize  th e  
d i s t o r t i o n  o f  th e  flow  p a t t e r n  caused  by th e  c o n f in in g  w a l l s  
so t h a t  t h e  g a s - l i q u i d  c o n t a c t in g  i n  th e  s e c t i o n  w i l l  be 
r e p r e s e n t a t i v e  o f  t h a t  w hich  o c c u rs  i n  t h e  l a r g e - s c a l e  to w er .  
When f l u i d  flow s p a s t  a  s o l i d  w a l l ,  a  l a y e r  i n  s t r e a m l in e  
m o tio n  e x i s t s  a d j a c e n t  to  th e  w a l l .  T h is  c o n s t i t u t e s  a d i s ­
t o r t i o n  i n  t h e  f low  p a t t e r n  w hich  sh o u ld  b e  e s t im a te d .
T a b le  IV p r e s e n t s  t h e  r e s u l t s  o f  c a l c u l a t i o n s  o f  th e  th ic k n e s s
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TABLE IV
ESTIMATION OF THE LAMINAR LAYER THICKNESS FOR 
AIR FLOWING THROUGH A SECTION OF A BAFFLE-PLATE TOWER
C o n d i t io n s
A ir  a t  14 .7  p s i a ,  68°F
B a f f l e - P l a t e  S pac ing  = 18 i n .
A verage Gas V e lo c i ty  = 0 .5  f t / s e c
S e c t io n  
W id th , W, 
in c h e s
Lam inar L ayer 
T h ic k n e ss  As % o f  
W
Comments
2 100 T o ta l  s tre a m  i n  la m in a r  f low
4 4-100 T o ta l  s t re a m  i n  th e  t r a n s i ­
t i o n  r e g io n  b e tw een  la m in a r  
and t u r b u l e n t  f lo w . L ayer 
t h i c k n e s s  i s  i n d e f i n i t e .
6 2 .8
8 2 .4
A verage Gas V e lo c i ty  = 1 .0  f t / s e c
S e c t io n Lam inar L ayer
W id th , W, T h ic k n e s s  As % of Comments
in c h e s W
2 6-100 T o ta l  s t re a m  i n  t h e  t r a n s i t i o n  
r e g io n  be tw een  la m in a r  and 
t u r b u l e n t  f lo w . L ay er  t h i c k ­
n e s s  i s  i n d e f i n i t e .
4 2 .0
6 1 .5
8 1 .3
(C o n tin u ed  on n e x t  page)
91
N otes
TABLE XV (C on tinued )
1. The a i r  f low  i s  assumed to  ta k e  p l a c e  th ro u g h  a
r e c t a n g u l a r  a r e a  18 in c h e s  by  W in c h e s .
2 . The la m in a r  l a y e r  t h i c k n e s s  i s  c a l c u l a t e d  u s in g  th e
a p p ro x im a t io n  5^ = 5v/V* and th e  h y d r a u l i c  r a d i u s  
c o n c e p t . @9)
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o f  th e  la m in a r  l a y e r  i n  a b a f f l e - p l a t e  s e c t i o n  f o r  t y p i c a l  
minimum v e l o c i t i e s  employed i n  com m ercia l to w e rs .  One n o t i c e s  
t h a t  th e  s e c t i o n  sh o u ld  be a t  l e a s t  s i x  in c h e s  i n  w id th  to  
h a n d le  an  a v e ra g e  g as  v e l o c i t y  o f  0 .5  f t / s e c .  P r i n c i p a l l y  
on t h i s  b a s i s ,  a s i x - i n c h  w id th  was chosen .
A second i te m  to  be  c o n s id e r e d  i s  t h a t  th e  g as  flow  
te n d s  to  c a u se  th e  l i q u i d  s tre a m  to  c o n c e n t r a t e  n e a r  th e  
w a l l s ,  s i n c e  th e  g as  v e l o c i t y  i s  lo w e s t  t h e r e .  T h is  co n ­
s t i t u t e s  a d i s t o r t i o n  o f  th e  l i q u i d  f low  p a t t e r n .  However, 
t h i s  can  b e  overcome a p p ro x im a te ly  by c a u s in g  th e  s tre a m  
w hich  l e a v e s  t h e  b a f f l e - p l a t e  to  b e  s l i g h t l y  n a r ro w e r  th a n  
th e  s e c t i o n  w id th .  By e x p e r im e n ta t io n ,  i t  was found  t h a t  a 
f i v e - i n c h  s t re a m  l e a v in g  a b a f f l e - p l a t e  i n  t h e  s i x - i n c h  
s e c t i o n  i s  s u f f i c i e n t l y  n a rro w  to  p r e v e n t  u n u s u a l  c o n c e n t r a ­
t i o n  o f  th e  l i q u i d  n e a r  t h e  w a l l s .  When a w id e r  s tre a m  i s  
em ployed, th e  f low  o f  w a te r  down th e  w a l l s  i s  e x c e s s iv e .
The l i q u i d  s t re a m  i s  made n a r ro w e r  th a n  th e  s e c t i o n  w id th  
by  v i r t u e  o f  t h e  d e s ig n  o f  th e  w e i r  p la c e d  on th e  end o f  
each  b a f f l e  p l a t e .  See F ig u r e  20.
The n a t u r e  o f  th e  c o n t a c t i n g  i n  a  b a f f l e - p l a t e  o r  d i s c -  
a n d -d o n u t  tow er h ad  n o t  b een  p r e v i o u s l y  s t u d i e d ,  and a p r i n ­
c i p a l  o b j e c t i v e  o f  th e  p r e s e n t  r e s e a r c h  was to  d e te rm in e  
t h i s .  However, to  a c c o m p lish  t h i s  o b j e c t i v e ,  i t  was n e c e s s a r y
Direction of 
Liquid Flow
P lan  View
9  - 90° V' n o tch ed  Weirs
V i e w  i n t o  W e i r s
5 c a l e : H a l f  S i c e
N O T E ; A N  D im e n s io n s  a r e  
in  In c h e s .
Direction of
Liquid Flow
S ide View
Fisure 20 
BAFFLE.-PLATE DETAILS
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t o  o b s e rv e  th e  c o n t a c t i n g .  C o n se q u e n t ly ,  i t  was d e c id e d  to  
p l a c e  a P l e x i g l a s  co v e r  on th e  e x p e r im e n ta l  c o n t a c t o r .  Not 
o n ly  does t h i s  p e rm i t  o b s e r v a t io n  o f  th e  n a t u r e  o f  t h e  g as  
m ix in g ,  l i q u i d  m ix in g ,  e n t ra in m e n t  and th e  l i k e ,  b u t  a l s o  
q u a n t i t a t i v e  m easu re  o f  th e  a r e a ,  Wl, i n t r o d u c e d  i n  C h a p te r  
IV , upon w hich i s  b a se d  th e  s u p e r f i c i a l  mass v e l o c i t y  o f  th e  
g a s .  P l e x i g l a s  was chosen  f o r  th e  c o v e r  i n  p r e f e r e n c e  to  
g l a s s ,  b e c a u s e  i t  i s  l e s s  f r a g i l e .  The co v e r  i s  o n e - h a l f  
in c h  t h i c k  and can  w i th s t a n d  te m p e ra tu re  a s  h ig h  a s  200°F 
w i th o u t  s o f t e n i n g .
Sm all s t r i p s  o f  P l e x i g l a s  e x te n d  from b e n e a th  each  
p l a t e  to  th e  to p  o f  t h e  p l a t e  be low . T hese s e r v e  to  d i r e c t  
o n to  a p l a t e  t h e  sm a ll  d ro p s  w hich  s t r i k e  t h e  window. W ith ­
o u t  th e  s t r i p s ,  t h e s e  d ro p s  ru n  down th e  window, m aking o b ­
s e r v a t i o n s  somewhat d i f f i c u l t .
The b r e a d t h  o f  t h e  e x p e r im e n ta l  c o n t a c t o r  i s  d e te rm in e d  
b y  th e  maximum gap be tw een  th e  o u t e r  ed g es  o f  s u c c e s s iv e  
p l a t e s  w hich  one w ish e s  t o  s tu d y .  See d im en s io n  "A” i n  
F ig u r e s  6 and  7. A b r e a d t h  o f  e i g h te e n  in c h e s  was chosen  a s  
t y p i c a l  o f  t h e  l a r g e r  gaps  e n c o u n te re d  c o m m e rc ia l ly .
The o r i g i n a l  p l a t e  s p a c in g  and gap chosen  f o r  s tu d y  a r e  
n o t  c r i t i c a l ,  b e c a u s e  th e  c o v e r  i s  r e a d i l y  removed and  th e  
p l a t e  sp a c in g  and  gap th e n  changed by  movement o f  t h e  p l a t e s
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and th e  u s e  o f  p l a t e s  o f  d i f f e r e n t  l e n g th s .  E x te n s iv e  ex­
p e r im e n ta t io n  c o n c e rn in g  e f f e c t s  o f  th e s e  v a r i a b l e s  i s  o u t ­
s id e  th e  scope o f  t h e  p r e s e n t  r e s e a r c h ;  however, th e  e a se  
w i th  w hich th e s e  v a r i a b l e s  may be changed i s  an  a t t r a c t i v e  
d e s ig n  f e a t u r e  o f  th e  a p p a r a tu s .  E x p e r im e n ta l  ru n s  d u r in g  
th e  p r e s e n t  r e s e a r c h  were made u s in g  an e ig h te e n - in c h  p l a t e  
sp a c in g  and a n i n e - in c h  gap . As m en tioned  i n  C h ap te r  I I I ,  
e ig h te e n  in c h e s  i s  t h e  minimum p l a t e  sp a c in g  n o rm a lly  u se d  
co m m erc ia lly .  The gap i s  o n e - h a l f  th e  p l a t e  s p a c in g ,  th e  
maximum gap n o rm a lly  u se d  co m m erc ia lly .
V is u a l  s t u d i e s  w ere  made u s in g  b a f f l e s  w i th o u t  w e i r s .
In  a d d i t i o n  to  th e  ex p ec te d  problem  o f  th e  l i q u i d  s tream  
te n d in g  to  c o n c e n t r a t e  n e a r  th e  w a l l s ,  a second p rob lem  was 
e n c o u n te re d  o f  e r r a t i c  and u n r e p r o d u c ib le  g a s - l i q u i d  con­
t a c t i n g  a t  low l i q u i d  r a t e s  ( l e s s  th a n  1 .0  g a l / m i n - i n ,  o f  
s e c t i o n  w i d t h ) . T h e r e a f t e r ,  e x p e r im e n ta t io n  w ith  a s t r a i g h t  
and a n o tc h ed  w e ir  i n d i c a t e d  t h a t  t ^ e  w e i r  p r e v io u s l y  d i s ­
c u ssed  and shown in  F ig u re  20 i s  a d e q u a te  f o r  p r o v id in g  good 
l i q u i d  d i s t r i b u t i o n  a t  low l i q u i d  r a t e  a s  w e l l  a s  p r e v e n t in g  
c h a n n e l in g  o f  l i q u i d  down th e  w a l l s .  The w e ir  i n  F ig u re  20 
i s  c a p a b le  o f  h a n d l in g  0 .4  g a l / m i n - i n .  o f  s e c t i o n  w id th ,  
when th e  n o tc h e s  a r e  ru n n in g  f u l l .  A l l  l i q u i d  i n  e x c e s s  o f  
t h a t  r e q u i r e d  to  f i l l  th e  n o tc h e s  th e n  f low s a s  though  o v e r
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a s t r a i g h t  w e i r .  I t  sh o u ld  b e  n o te d  t h a t  th e  e x p e r im e n ta l  
d a t a  o f  th e  p r e s e n t  i n v e s t i g a t i o n  s t r i c t l y  a p p ly  o n ly  when 
a 9 0 -d e g re e  V -no tched  w e ir  i d e n t i c a l  w i th  t h a t  i n  F ig u r e  20 
i s  em ployed. However, p r a c t i c a l l y  sp e a k in g ,  t h e  r e s u l t s  
o b ta in e d  a t  f low  r a t e s  above 0 .4  g a l / m i n - i n .  o f  w e i r  a r e  
a p p ro x im a te ly  a p p l i c a b l e  to  l i q u i d  f lo w in g  o v e r  b a f f l e s  w i t h ­
o u t  w e i r s  o r  w i th  s t r a i g h t  w e i r s .
The e x p e r im e n ta l  c o n t a c t o r  i s  d e p i c t e d  i n  F ig u r e  21. 
T h ree  c u r t a i n s  o f  l i q u i d  a r e  form ed. Thus th e  r e s u l t  o f  
one o r  t h r e e  c o n t a c t s  may be d e te rm in e d .  About t e n  g a l lo n s  
h o ld u p  o f  th e  l i q u i d  i s  p ro v id e d  i n  t h e  b o tto m  o f  t h e  a p ­
p a r a t u s .  T h is  volume was d e l i b e r a t e l y  d e s ig n e d  s m a ll  so 
t h a t  t h e  l i q u i d  would r a p i d l y  r e a c h  a s t e a d y - s t a t e  te m p e ra ­
t u r e .  A s i g h t - g l a s s  i n d i c a t e s  t h e  l i q u i d  l e v e l .  A b a f f l e  
i s  l o c a t e d  i n  f r o n t  o f  th e  g a s  i n l e t  to  p a r t i a l l y  d i s s i p a t e  
t h e  h ig h  k i n e t i c  en e rg y  o f  t h e  incom ing  gas  s t r e a m  so t h a t  
th e  b o tto m  c u r t a i n  w i l l  be  r e p r e s e n t a t i v e .  S i m i l a r l y ,  a 
b a f f l e  was p la c e d  b e h in d  t h e  w e i r  on t h e  to p  p l a t e  to  d i s ­
s i p a t e  t h e  k i n e t i c  en e rg y  o f  th e  e n t e r i n g  l i q u i d .  Two c u b ic  
f e e t  o f  volume a r e  i n  th e  c o n t a c t o r  above th e  to p  p l a t e  to  
a l lo w  s e t t l i n g  o f  e n t r a i n e d  l i q u i d  d r o p l e t s .
I n  t h e  f o l lo w in g  s e c t i o n  t h e  c o n t a c t o r  a u x i l i a r i e s  and 
i n s t r u m e n t a t i o n  w i l l  be  d e s c r ib e d .
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NOTE.:
A-A-' P l e x i g l a s  S t r ip s  on 
W indow  o n ly ; n o t  on  
B a c k  W all.
M etal Cover over 
D isengaging Volum-a
Liquid B a f f l e
2 Liquid Inlet
P lex ig las Cover 
Over Contacting Volume
B a ff le  P la te  
4 Req'd.
G a s  Inlet
Gas B a f f l e
M e ta l C over ov er  
Holdup Volume —
j  Liquid O utlel
 18'
F i o u r e  21
CONTACTOR DETAILS
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C o n ta c to r  A u x i l i a r i e s
The c o n ta c to r  a u x i l i a r i e s  in c lu d e  a b lo w er ,  pump and 
h e a t  ex c h an g e r .  The o v e r a l l  f lo w sh e e t  i s  shown i n  F ig u re  22. 
F ig u re  23, P l a t e s  1 th ro u g h  H I ,  c o n ta in s  p h o to g rap h s  o f  th e  
c o n t a c t o r  and a u x i l i a r i e s .
1. Blower
I n l e t  a i r  from th e  main room o f  th e  Chemical E n g in e e r in g  
U n i t  O p e ra t io n s  L a b o ra to ry  p a s s e s  th ro u g h  a s i x - i n c h  d u c t  to  
a c e n t r i f u g a l  b lo w e r ,  p u rch ased  from th e  ILG E l e c t r i c  V e n t i ­
l a t i n g  Company. The b low er o u tp u t  i s  r e g u la t e d  by chang ing  
i t s  speed  u s in g  a L in k -B e l t  PIV v a r i a b l e  speed d r i v e ,  w hich , 
i n  t u r n ,  i s  co n n ec ted  to  a 3-HP e x p lo s io n - p ro o f  m o to r .  The 
b low er o u tp u t  r a n g e s  from a b o u t  250 to  750 cfm,
2. Pump
L iq u id  i s  c i r c u l a t e d  w i th  a 1/2-HP c a s t  i r o n  pump,
Type 105 U-34-C, p u rch ased  from E a s te rn  I n d u s t r i e s .  I t  i s  
equ ipped  w i th  a m e ch an ica l  s e a l .  A maximum flow  r a t e  o f  
a b o u t  20 gpm i s  o b t a i n a b l e .
3 . H eat Exchanger
The l i q u i d  may b e  s te a m -h e a te d  o r  w a te r - c o o le d  by  p a s ­
sage  th ro u g h  th e  tu b e s  o f  a f o u r - p a s s  No. 603, "BCFn Ross 
h e a t  ex c h a n g e r .  The exchanger i s  p la c e d  i n  a v e r t i c a l  p o s i ­
t i o n  and so p ip e d  t h a t  steam  o r  c o o l in g  w a te r  may b e  p a s se d
Air Out
CALMING
VANES
ORIFICE 
m( METER I tv] PACT TUBE 
£ INCLINED  
M ANOM ETER
4-0 p .S .i.g . 
S t e a m  
In
SWIVEL' 
PIPE
BLEED BLEED
DrainRoom Air
BLOWER 
3  HP MOTOR
NOTE 5 .
VARIABLE 
SPEED 
DRIVE
PG CH><>-
LtGEND:
MOTOR
PUMP
Fi g u r e
PG — P ressu re G age.
PT ~ P ressure Tap.
T " T h erm ocou p le .
Th — T herm om eter.
WT~ Weston T herm om eter.
/. AH Circulatory 
L iq u id  P iping  
/ i  inch s iz e .
2. AU Gas D ucts  
6 inches D ia ­
m e te r .
City W ater  In
Drain B A FFL E -PL A T E  CONTACTOR 
FLOW DIAGRAM
100
PLATE I  
Blower
Bottom View o f  
C o n ta c to r  and A u x i l i a r i e s
P h o to g ra p h s  o f  E x p e r im e n ta l  
Equipm ent
PLATE I I I  
Top View o f  C o n ta c to r
102
th ro u g h  th e  s h e l l - s i d e .  The exchanger tu b e s  t o t a l  34 .0  f t 2 
i n  o u t s i d e  a r e a .  S h e l l - s i d e  b a f f l e s  a r e  spaced  e v e ry  t h r e e  
in c h e s .  The s h e l l  and tu b e s  have d e s ig n  w orking p r e s s u r e s  
o f  75 p s i g .  Steam i s  a v a i l a b l e  a t  40 p s i g .
I n s  tru m en ta  t i o n
The l i q u i d  flow  i s  m easured  by a o n e - in c h  o r i f i c e  m e te r  
and a 50- in c h  manometer f i l l e d  w ith  ca rbon  t e t r a c h l o r i d e .
Flow i s  c o n t r o l l e d  by a g lo b e  v a lv e  in  th e  l i q u i d  l i n e  p r i o r  
to  th e  to p  p l a t e .  The o r i f i c e  m e te r  was c a l i b r a t e d  by  w eigh ­
in g  th e  q u a n t i t y  o f  w a te r  c o l l e c t e d  d u r in g  m easured tim e i n ­
t e r v a l s ,  u s in g  th e  s w iv e l -p ip e  o u t l e t  p ro v id e d  f o r  t h a t  
p u rp o se .  Appendix V II p r e s e n t s  th e  c a l i b r a t i o n  r e s u l t s .
The gas  flow r a t e  i s  m easured  by  an  im pact tu b e  p la c e d  
in  th e  gas o u t l e t  d u c t  and an i n c l i n e d  manometer f i l l e d  
w i th  b en z en e . The im pact tu b e  i s  d e s c r ib e d  in  F ig u re  24.
An im pact tu b e  was chosen  b e c a u se  o f  th e  r e l i a b i l i t y  o f  th e  
r e a d in g s  o b ta in e d  w i th o u t  c a l i b r a t i o n .  I t  i s  n o t  p r a c t i c a l ,  
o f  c o u r s e ,  to  c a l i b r a t e  t h i s  tu b e .
T ra v e r s e s  o f  th e  d u c t  w ere conduc ted  u s in g  th e  im pact 
tu b e  o v e r  a ra q g e  o f  a i r  v e l o c i t i e s  to  o b t a in  a r e l a t i o n  
betw een  th e  a v e ra g e  and maximum a i r  v e l o c i t i e s .  T h e r e a f t e r ,  
th e  im p a c t tu b e  was s e t  i n  t h e  p o s i t i o n  o f  maximum a i r
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v e l o c i t y ,  and s i n g l e  r e a d in g s  ta k e n .  T ra v e r s e  in f o r m a t io n  
f o r  t h e  im p ac t tu b e  i s  i n  Appendix V I I .
When th e  im p ac t tu b e  was i n i t i a l l y  i n s t a l l e d ,  th e  i n d i ­
c a te d  p r e s s u r e  drop f l u c t u a t e d  w id e ly .  T h is  was a t t r i b u t e d  
to  d i s t u r b a n c e  i n  th e  g as  flow  cau sed  by an  elbow a p p ro x im a te ly  
t h i r t y  p ip e  d ia m e te r s  u p s tre a m  a t  th e  top  o f  th e  c o n t a c t o r .  
C o r re s p o n d in g ly ,  ca lm ing  v an es  w ere p la c e d  im m e d ia te ly  f o l ­
low ing th e  elbow . These e n t i r e l y  e l im i n a t e  t h e  f l u c t u a t i o n s .
The i n l e t  a i r  te m p e ra tu r e  i s  m easured  by  a the rm om eter  
p la c e d  i n  th e  d u c t  p re c e d in g  th e  b lo w e r .  I t  d id  n o t  p ro v e  
s a t i s f a c t o r y  to  m easu re  th e  a i r  te m p e ra tu re  i n s i d e  th e  a p ­
p a r a t u s  fo l lo w in g  th e  b lo w er ,  b ec a u se  s t r a y  l i q u i d  d ro p s  
s t r u c k  th e  th e rm o co u p le  b e in g  u s e d ,  c a u s in g  i t  to  r e a d  low. 
R e f e r r i n g  to  F ig u re  22, i r o n - c o n s t a n t a n  th e rm o c o u p le s  a r e  
l o c a t e d  i n  co p p e r  w e l l s  on each  o f  th e  fo u r  p l a t e s ,  and i n  
t h e  gas o u t l e t  d u c t  a d j a c e n t  to  th e  c o n t a c t o r .  Thermo­
c o u p le  e m f 's  a r e  r e a d  u s in g  a Leeds and N o rth ru p  ty p e  8657-C 
p o te n t io m e te r ,  w hich  i s  eq u ip p ed  w i th  a  r e f e r e n c e  j u n c t i o n  
c o m p e n sa to r .  A m u l t i p o i n t  s w itc h  f a c i l i t a t e s  r e a d in g  th e  
s e v e r a l  th e rm o c o u p le s .  The te m p e ra tu r e  o f  t h e  l i q u i d  i n  th e  
h o ld u p  drum i s  i n d i c a t e d  by a therm om eter g r a d u a te d  to  0 .1°C  
and c a l i b r a t e d  a g a i n s t  a the rm om eter  c e r t i f i e d  by  t h e  N a t io n a l  
B ureau  o f  S ta n d a r d s .  W eston the rm om ete rs  p re c e d e  and  fo l lo w
t h e  h e a t  e x c h a n g e r .
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P r e s s u r e  d ro p s  a c r o s s  i n d i v i d u a l  c u r t a i n s  o f  l i q u i d  and 
a l l  t h r e e  c u r t a i n s  a r e  m easured  by s im p le  U -tu b e  m anom eters 
f i l l e d  w i th  w a te r .
To d e te rm in e  th e  te m p e ra tu r e  and h u m id i ty  o f  th e  g as  
fo l lo w in g  th e  f i r s t  c u r t a i n ,  t h e  sam ple system  and  sam ple 
t r a i n  shown i n  F ig u re  25 i s  em ployed. The sam p le r  was 
d e v i s e d  a f t e r  u n s u c c e s s f u l  a t t e m p ts  w ere  made u s in g  a s i n g l e  
sm a ll  d ia m e te r  co p p e r  tu b e  w i th o u t  t h e  s e p a r a t o r  and w i th  
th e  s e p a r a t o r .  The sm a ll  d ia m e te r  co p p er  tu b e  was in a d e ­
q u a te  b e c a u s e  l i q u i d  d ro p s  would p e r i o d i c a l l y  e n t e r  i t ;  
an d , f o r  s e v e r a l  m in u te s  t h e r e a f t e r ,  t h e  a i r  l e a v in g  th e  
tu b e  would come to  e q u i l ib r iu m  w i th  t h e  d ro p ,  th e re b y  i n ­
v a l i d a t i n g  th e  sam ple . The a n a l y t i c a l  t r a i n  c o n ta in s  
magnesium p e r c h l o r a t e ,  w hich  i s  an  e x c e l l e n t  d e s i c c a n t ,  a 
w et t e s t  m e te r  and a vacuum pump to  c a u se  f low  th ro u g h  th e  
t r a i n .  A vacuum o f  a b o u t  one in c h  o f  m ercu ry  i s  n o rm a l ly  
r e q u i r e d  a t  t h e  m e te r .  The w et t e s t  m e te r  was p e r i o d i c a l l y  
c a l i b r a t e d  w i th  a 1 /1 0 -c u b ic  f o o t  b o t t l e ,  c e r t i f i e d  by t h e  
N a t i o n a l  B ureau o f  S ta n d a r d s .
P ro c e d u re s
The e x p e r im e n ta l  i n v e s t i g a t i o n  was d iv id e d  i n t o  v i s u a l  
s t u d i e s ,  p r e s s u r e  d rop  m easu rem en ts , and  h e a t  and  mass t r a n s p  
f e r  r u n s .  Only t h e  a i r - w a t e r  sy s tem  was em ployed.
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The v i s u a l  s t u d i e s  w ere  aim ed a t  fo rm u la t in g  a model 
o f  th e  c o n t a c t i n g  p r o c e s s .  These a r e  d e s c r ib e d  i n  t h e  f o l ­
low ing c h a p t e r .
The p r e s s u r e  drop  m easurem ents  c o n s i s t e d  o f  o b s e rv in g  
th e  p r e s s u r e  d rop  a c r o s s  th e  top  two c u r t a i n s ,  u s in g  a 
U -tu b e  m anom eter f i l l e d  w i th  w a te r .  R e p ro d u c ib le  r e s u l t s  
w ere  e a s i l y  o b t a in e d .  The tu b in g  to  th e  manometer from th e  
p r e s s u r e  t a p  b e n e a th  t h e  low er c u r t a i n  o f  l i q u i d  p a s s e d  
f i r s t  to  a sm a l l  b o t t l e  to  c a u se  rem oval o f  l i q u i d  d ro p s  
w h ich  p e r i o d i c a l l y  e n t e r e d  th e  p r e s s u r e  t a p .
The m a j o r i t y  o f  t h e  a i r - w a t e r  e x p e r im e n ts  w ere  a d i a ­
b a t i c  h u m i d i f i c a t i o n  r u n s .  B ecause  o f  t h e  h ig h  e f f i c i e n c y  
o f  t h e  c o n t a c t o r  and th e  h ig h  h u m id i ty  o f  l o c a l  a tm o s p h e r ic  
a i r ,  th e  a i r  r a p i d l y  ap p ro ac h ed  s a t u r a t i o n .  I t  was found 
t h a t  r e l i a b l e  r e s u l t s  c o u ld  be  o b ta in e d  o n ly  by sam pling  
a f t e r  t h e  f i r s t  c u r t a i n  o f  l i q u i d ,  w here t h e  a p p ro a c h  to  
s a t u r a t i o n  was n o t  so c l o s e .  As p r e v i o u s l y  n o te d ,  t h e  sam­
p l i n g  tu b e  and  t r a i n  a r e  d e s c r ib e d  i n  F ig u r e  25. To i n c r e a s e  
t h e  te m p e r a tu r e  o f  t h e  i n l e t  a i r ,  t h e  i n l e t  a i r  d u c t  was 
p la c e d  n e a r  t h e  c e i l i n g  o f  t h e  room, and a l l  a i r  h e a t e r s  i n  
t h e  room w ere  em ployed.
When p a s s in g  a i r  th ro u g h  t h e  d e s i c c a n t ,  t h e  f low  r a t e  
was m a in ta in e d  a b o u t  0 .0 5  c u b ic  f o o t  p e r  m in u te .  H ig h e r  f low
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r a t e s  would blow d e s i c c a n t  d u s t  o u t  o f  th e  d ry in g  tu b e s ,  i n ­
v a l i d a t i n g  th e  sam ple. To o b ta in  a r e l i a b l e  r e a d in g  o f  th e  
a i r  te m p e ra tu re  i n  th e  sam pling  d e v ic e ,  th e  therm om eter was 
r e a d  w i th  th e  tu b e  w hich was n o rm a lly  co n n ec ted  to  th e  d r y ­
in g  tu b e s  co n n ec ted  d i r e c t l y  to  th e  vacuum pump. T h is  gave 
an  a i r  f low  r a t e  o f  a b o u t  one c u b ic  f o o t  p e r  m in u te  th ro u g h  
th e  s e p a r a to r y  b o t t l e .  At low er a i r  f low  r a t e s ,  th e  a i r  
te m p e ra tu re  i n  th e  s e p a r a to r y  b o t t l e  was low er th a n  t h a t  i n  
t h e  c o n t a c t o r ,  b e c au se  o f  h e a t  t r a n s f e r  from th e  a i r  to  th e  
p o r t i o n  o f  th e  w a l l  o f  th e  copper sam pling  tu b e  w hich p r o ­
t r u d e s  i n t o  th e  c o n t a c t o r .  T h is  w a l l  i s  n e a r  th e  w et b u lb  
te m p e ra tu r e ,  b e c au se  th e  o u t s i d e  o f  th e  co p p e r  tu b e  i n  th e  
c o n t a c t o r  i s  g e n e r a l l y  w et w i th  d ro p s  o f  w a te r  w hich s t r i k e  
t h e  tu b e .
The equipm ent r e a c h e s  a s t e a d y - s t a t e  q u i t e  r a p i d l y .
Even a t  low w a te r  r a t e s ,  t e n  m in u te s  was n o rm a lly  s u f f i c i e n t .  
T h is  r a p i d i t y  r e s u l t s  from th e  sm a ll  ho ldup  o f  l i q u i d  w hich 
i s  em ployed. I t  was n e v e r  n e c e s s a r y  to  add w a te r  d u r in g  a 
r u n  o f  e i t h e r  ty p e .
The p r i n c i p a l  e x p e r im e n ta l  o b s e r v a t io n s  may be  n o te d  
by  r e f e r r i n g  to  Appendix V I I I ,  w hich p r e s e n t s  e x p e r im e n ta l  
d a t a  and a  sam ple c a l c u l a t i o n  f o r  one o f  th e  a d i a b a t i c  hu- 
m i d i f i c a t i o n  r u n s .  I n  a d d i t i o n  to  th e  d a ta  n o te d  t h e r e i n ,
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th e rm o c o u p le  r e a d in g s  f o r  th e  w a te r  te m p e ra tu r e  on th e  fo u r  
p l a t e s  w ere  r o u t i n e l y  made. These t e m p e ra tu r e s  w ere  n o rm a l­
l y  a l l  e q u a l .
S e v e r a l  ru n s  w ere  made h e a t i n g  t h e  w a te r .  The in fo rm a ­
t i o n  r e c o rd e d  d u r in g  t h e s e  ru n s  was th e  same a s  t h a t  n o te d  
d u r in g  th e  a d i a b a t i c  h u m i d i f i c a t i o n  r u n s .  A ppendix V I I I  a l s o  
p r e s e n t s  e x p e r im e n ta l  o b s e r v a t io n s  and  sam ple c a l c u l a t i o n s  
f o r  t h i s  ty p e  o f  r u n .
A l l  e x p e r im e n ta l  d a t a  o b ta in e d  d u r in g  th e  h e a t  t r a n s f e r  
s t u d i e s  w ere  r e c o rd e d  on mim eographed fo rm s. T hese a r e  f i l e d  
t o g e t h e r  w i th  o t h e r  c a l i b r a t i o n  d a t a ,  p r e s s u r e  drop  d a t a ,  e t c .
CHAPTER V II 
EXPERIMENTAL INVESTIGATIONS
I n  t h i s  c h a p te r  th e  r e s u l t s  o f  t h e  e x p e r im e n ta l  i n v e s ­
t i g a t i o n s  w i l l  be  p r e s e n te d  and d i s c u s s e d .  The c h a p te r  i s  
d iv id e d  i n t o  v i s u a l  s t u d i e s ,  p r e s s u r e  drop  m easurem ents  and 
h e a t  and  mass t r a n s f e r  e x p e r im e n ts .
V is u a l  S tu d ie s
As m en tio n ed  i n  th e  p r e c e d in g  c h a p te r ,  th e  e x p e r im e n ta l  
g a s - l i q u i d  c o n t a c t o r  i s  p ro v id e d  w i th  a P l e x i g l a s  co v e r  to  
p e r m i t  o b s e r v a t io n  o f  th e  g a s - l i q u i d  c o n t a c t i n g .  Such ob­
s e r v a t i o n  was n e c e s s a r y  i n  o r d e r  to  u n d e r s ta n d  th e  n a t u r e  o f  
t h e  g a s - l i q u i d  c o n t a c t i n g ,  w hich  was a  m a jo r  o b j e c t i v e  o f  
t h e  p r e s e n t  r e s e a r c h .  A ls o ,  t h e  o b s e r v a t io n s  l e d  to  th e  
f o r m u la t io n  o f  a  m odel o f  g a s - l i q u i d  c o n t a c t i n g ,  w hich  h a s  
a l r e a d y  been  employed i n  C h a p te r  IV to  a c c o m p lish  a second  
m a jo r  o b j e c t i v e ,  w h ich  was to  d ev e lo p  fu n d am en ta l  e q u a t io n s  
and  p r o c e d u re s  f o r  a n a ly z in g  e x p e r im e n ta l  d a t a  and  d e s ig n in g  
l a r g e - s c a l e  to w e r s .  I n  t h e  fo l lo w in g  p a r a g r a p h s  t h e  g a s -  
l i q u i d  c o n t a c t i n g  w i l l  b e  d e s c r ib e d .
1 . F l i g h t  o f  th e  L iq u id
The f l i g h t  o f  t h e  l i q u i d  s t re a m  a p p e a r s  t o  o c c u r  i n  
r o u g h ly  fo u r  s t a g e s .  As t h e  l i q u i d  l e a v e s  t h e  w e i r ,  i t  f low s
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a s h o r t  d i s t a n c e  w i th  no b re a k  i n  th e  l i q u i d  c u r t a i n .  Then 
th e  c u r t a i n  i s  p a r t e d  i n t o  s t r e a m e rs  by th e  gas  f low . N ext, 
t h e s e  s t r e a m e rs  a r e  d i s i n t e g r a t e d  i n t o  sm a ll  d ro p s .  F i n a l l y ,  
th e  d ro p s  flow  w i th o u t  f u r t h e r  d i s i n t e g r a t i o n  to  t h e  p l a t e  
below . As th e  d ro p s  move downward, th e  d i s t a n c e  betw een 
d rops  i n c r e a s e s  so t h a t  th e  c u r t a i n  th i c k n e s s  i s  g r e a t e s t  a t  
th e  end o f  th e  c u r t a i n .  These o b s e r v a t io n s  o f  th e  c o n ta c t in g  
a r e  shown s c h e m a t ic a l ly  i n  F ig u re  26.
The d ro p s  w hich a r e  formed a r e  q u i t e  h e te ro g e n e o u s ,  
r a n g in g  from s m a l le r  th a n  p in -h e a d s  to  m a rb le s  i n  s i z e .
There  i s  a v i s i b l e  movement o f  th e  s m a l le r  d ro p s  to  th e  to p  
o f  th e  l i q u i d  c u r t a i n  and th e  l a r g e r  d ro p s  to  th e  b o tto m , 
fo l lo w in g  th e  d i s i n t e g r a t i o n  p h a se .
The l e n g th s  o f  t h e  fo u r  s t a g e s  v a ry  w i th  th e  l i q u i d  and 
gas  r a t e s .  A t m o d era te  and h ig h  g as  r a t e s ,  and a t  l i q u i d  
r a t e s  o f  1 . 0  g a l / m i n - i n .  o f  w e i r ,  t h e r e  i s  o n ly  a b o u t  an  
in c h  o f  u n p a r te d  p lu s  p a r t e d  c u r t a i n .  On t h e  o th e r  hand , 
a t  t h e  same g as  r a t e s  b u t  a t  l i q u i d  r a t e s  o f  3 .0  g a l / m i n - i n .  
o f  w e i r ,  t h e r e  i s  a b o u t  t h r e e  in c h e s  o f  u n p a r te d  p lu s  p a r t e d  
c u r t a i n .  A t g as  r a t e s  l e s s  th a n  t h a t  r e q u i r e d  to  p r e v e n t  
" d r o o l in g ” , th e  l i q u i d  s t r e a m e rs  w i l l  e x ten d  f o r  a f o o t  o r  
more from th e  w e i r .  ( "D ro o lin g "  i s  d e s c r ib e d  i n  th e  n e x t  
s e c t i o n . )
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REGIONS OF THE CURTAIN
1X3
The a v e ra g e  drop s i z e  i s  a l s o  v i s i b l y  a l t e r e d  a s  th e  
f low  r a t e s  change. A t h ig h  v a p o r  r a t e s  and low l i q u i d  f a t e s  
an  e x t re m e ly  f i n e  s p ra y  i s  p ro d u c e d .  As the l i q u i d  r a t e  i n ­
c r e a s e s ,  o r  t h e  v a p o r  r a t e  d e c r e a s e s ,  th e  d ro p s  become n o t i c e ­
a b l y  l a r g e r .
2, L im i ts  o f  O p e ra t io n
T here  a r e  s e v e r a l  l i m i t s  o f  o p e r a t io n  i n  t h i s  c o n t a c t ­
o r .  The f i r s t  stem s from th e  f a c t  t h a t  when t h e r e  i s  no 
f low  o f  g a s ,  t h e  l i q u i d  w i l l  f a l l  th ro u g h  th e  gap be tw een  th e  
o u t e r  edges o f  s u c c e s s iv e  p l a t e s .  T h is  i s  r e f e r r e d  to  a s  
" d r o o l i n g " .  On th e  o t h e r  h an d , a s  th e  v a p o r  f low  r a t e  i s  
i n c r e a s e d ,  a p o i n t  i s  e v e n t u a l l y  r e a c h e d  w here  t h e  b u lk  o f  
t h e  l i q u i d  s t r e a m  le a v in g  th e  w e ir  f lo w s h o r i z o n t a l l y  u n t i l  
i t  s t r i k e s  th e  w a l l  (which i s  te rm ed  a " l e v e l  s t r e a m " ) .
T h is  r e p r e s e n t s  a  p r a c t i c a l  u p p e r  l i m i t  on t h e  v a p o r  f low  f o r  
t h a t  l i q u i d  f lo w , b e c a u s e  f u r t h e r  i n c r e a s e  i n  v a p o r  flow  
c a u s e s  e x c e s s iv e  e n t r a in m e n t .  A t h i r d  p o i n t  w o rth  n o t in g  i s  
t h a t  a t  w hich  th e  b u lk  o f  t h e  l i q u i d  s t re a m  c e a s e s  t o  la n d  
on t h e  p l a t e  b u t  b e g in s  to  s t r i k e  t h e  w a l l  ( s o - c a l l e d  " w a l l -  
h i t t i n g " )  . T hese t h r e e  s i t u a t i o n s  a r e  shown i n  F ig u r e  27.
The t h r e e  r e g io n s  a r e  d e f in e d  i n  te rm s  o f  l i q u i d  and  g as  
r a t e s  i n  F ig u r e  28.
L i q u i d  " D r o o l i n g ” T w o  E x a m p l e s ,  L i q u i d  S t r e a m
I a n d  2 ,  ia H o r i z o n t a l
o f  ”W a I I  H i t t i n g "  o f  ( S o - c a l l e d
L i q u i d  " L e v e l  S t r e a m " )
F i g u r e : 2 7  
L I M I T S  O F  C O N T A C T O R  O P E R A T IO N
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3 . Model o f  t h e  C o n ta c t in g  P ro c e s s
I n  C h a p te r  IV u s e  was made o f  a model o f  t h e  g a s - l i q u i d
c o n t a c t i n g .  T h is  model w i l l  now be fo rm u la te d .
C h a r a c t e r i s t i c  (1) -  The p r i n c i p a l  c o n t a c t i n g  o c c u rs  
w h i le  t h e  l i q u i d  i s  e n r o u te  betw een  p l a t e s  and n o t  on 
t h e  p l a t e s .  The v i s u a l  s t u d i e s  i n d i c a t e  t h a t  u n q u e s ­
t i o n a b l y  t h i s  i s  t r u e .  Only by em ploying  sm a ll  p l a t e  
s p a c in g s  and w ide  p l a t e s  w hich  hang o v e r  one a n o th e r  
c o u ld  s i g n i f i c a n t  c o n t a c t i n g  be made to  o c c u r  on th e  
p l a t e s .
C h a r a c t e r i s t i c  (2) -  T here  i s  no backm ix ing  o f  th e  
l i q u i d  i n  t h e  d i r e c t i o n  o f  l i q u i d  f low . V is u a l  s t u d i e s  
i n d i c a t e  t h a t  t h i s  i s  an e x c e l l e n t  a p p ro x im a t io n  a t  a l l  
c o n d i t i o n s  e x c e p t  th o s e  i n  th e  l e v e l - s t r e a m  r e g io n .
T h e re  i s  c l e a r l y  v i s i b l e  a  s l i g h t  r e c i r c u l a t i o n  o f  d ro p s  
a t  t h i s  ex trem e c o n d i t i o n  by v i r t u e  o f  t h e i r  b e in g  en ­
t r a i n e d  w i th  t h e  g as  f o r  a moment o n ly  to  b e  r e t u r n e d  
to  th e  c u r t a i n  some d i s t a n c e  u p s t re a m .
C h a r a c t e r i s t i c  (3) -  I t  was assum ed t h a t  t h e  h e a t  t r a n s ­
f e r  c o e f f i c i e n t  b a s e d  upon th e  s u p e r f i c i a l  a r e a  o f  th e  
c u r t a i n  d id  n o t  v a r y  a lo n g  t h e  l i q u i d  p a t h .  T h is  a p ­
p e a r s  t o  b e  an  a d e q u a te  a p p ro x im a t io n .  C e r t a i n l y  t h e  
c o e f f i c i e n t  i n  th e  u n p a r te d  and p a r t e d  c u r t a i n  r e g io n  
i s  d i f f e r e n t  from t h a t  i n  t h e  drop  r e g io n .  However, 
t h e s e  fo rm er  r e g io n s  a r e  u s u a l l y  l e s s  th a n  f i f t e e n  p e r  
c e n t  o f  t h e  t o t a l  l e n g t h .  Once th e  d ro p s  a r e  form ed, 
f u r t h e r  change i n  (UGa Z)av  u n d o u b te d ly  o c c u r s  a s  a 
r e s u l t  o f  th e  i n c r e a s e  i n  t h e  d i s t a n c e  be tw een  d r o p s .  
However, t h i s ,  too, i s  a  second  o r d e r  e f f e c t ,  much l i k e  
e f f e c t  o f  v o id  f r a c t i o n  on th e  h e a t  t r a n s f e r  c o e f f i ­
c i e n t  o u t s i d e  tu b e s  i n  a tu b e  b an k . Thus, a l th o u g h  Z 
i n c r e a s e s ,  t h e  i n t e r f a c i a l  a r e a  p e r  u n i t  o f  c o n ta c t in g ,  
volume d e c r e a s e s  so t h a t  (aZ) i s  a p p ro x im a te ly  c o n s t a n t ,  
s i n c e  o n ly  a  l i t t l e  d rop  d i s i n t e g r a t i o n  o c c u r s  a f t e r  th e  
i n i t i a l  d i s i n t e g r a t i o n .
C h a r a c t e r i s t i c  (4) -  The g a s  i s  c o m p le te ly  m ixed b e ­
tw een c u r t a i n s .  By o b s e rv in g  th e  p a t t e r n  o f  c i g a r e t t e  
smoke i n j e c t e d  i n t o  t h e  c o n t a c t o r  th ro u g h  a  c o p p e r  
t u b e ,  i t  was found  t h a t  t h e r e  i s  c o n s i d e r a b l e  m ix in g
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i n  th e  g as  p h ase  betw een c u r t a i n s .  However, i t  i s  n o t  
c o m p le te .  The in f lu e n c e  o f  t h e  g as  m ix ing  c h a r a c t e r ­
i s t i c s  i s  i n v e s t i g a t e d  m a th e m a t ic a l ly  i n  Appendix IV. 
T here  i t  i s  shown t h a t  even i f  th e  g as  does n o t  mix a t  
a l l  betw een c u r t a i n s  (an e x tre m e ly  u n r e a l i s t i c  c a s e ) , 
t h e  p l a t e  e f f i c i e n c y  f o r  h e a t  t r a n s f e r  i s  n o t  g r e a t l y  
changed .
C h a r a c t e r i s t i c  (5) -  The l i q u i d  i s  c o m p le te ly  mixed i n  
th e  v e r t i c a l  d i r e c t i o n .  The l i q u i d  i s  mixed in  th e  
v e r t i c a l  d i r e c t i o n  by v i r t u e  o f  f low  o f  th e  l a r g e r  d rops 
to  t h e  bo ttom  o f  th e  c u r t a i n  and th e  s m a l le r  ones in  
th e  o p p o s i t e  d i r e c t i o n .  The m ix ing  i s ,  o f  c o u r s e ,  n o t  
co m p le te ;  b u t  com ple te  m ix ing  was chosen  a s  a s im p le  
a p p ro x im a tio n .
C h a r a c t e r i s t i c  ( 6 ) -  The e n tra in m n e n t  from one c u r t a i n  
to  a c u r t a i n  above i s  n e g l i g i b l e ,  V is u a l  s t u d i e s  i n ­
d i c a t e  t h a t  t h i s  i s  an  e x c e l l e n t  a p p ro x im a tio n  up to  
th e  r e g io n  o f  l e v e l - s t r e a m s .  The i n f lu e n c e  o f  e n t r a i n -  
ment i s  i n v e s t i g a t e d  m a th e m a t ic a l ly  i n  Appendix V.
T here  i t  i s  shown t h a t  u n le s s  th e  e n t ra in m e n t  i s  q u i t e  
h ig h  ( o f  th e  o r d e r  o f  0 . 1  lb  e n t r a in e d  l i q u i d / l b  o f  g a s ) ,  
t h e  e f f e c t  i s  s l i g h t .  I n t e r e s t i n g l y  enough, i t  i s  found 
t h a t  e n t ra in m e n t  may o r  may n o t  d e l e t e r i o u s l y  e f f e c t  
t h e  p l a t e  e f f i c i e n c y ,  depend ing  upon th e  e n t ra in m e n t  
mechanism w hich i s  p o s t u l a t e d .
I n  summary, ev e ry  c h a r a c t e r i s t i c  o f  th e  model o f  th e  
g a s - l i q u i d  c o n t a c t in g  i s  a good o r  e x c e l l e n t  a p p ro x im a tio n  
to  t h e  a c t u a l  c o n ta c t in g  o p e r a t i o n .  F o r tu n a te ly ,  i t  was 
found i n  C h a p te r  IV t h a t  th e  model may be  u sed  to  a n a ly z e  
d i r e c t  c o n t a c t  h e a t  t r a n s f e r  w i th o u t  t h e  ap p e a ra n c e  o f  any 
in su rm o u n ta b le  m a th e m a tic a l  p rob lem s.
I n  th e  fo l lo w in g  two s e c t i o n s  th e  r e s u l t s  o f  p r e s s u r e  
d rop  m easurem ents and h e a t  t r a n s f e r  ex p e r im en ts  w i l l  b e  p r e ­
s e n te d  arid d i s c u s s e d .  A l l  ru n s  w ere  made u s in g  th e  system
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a i r - w a t e r .  T hese s t u d i e s  g iv e  an  i n d i c a t i o n  o f  t h e  o r d e r  o f  
m a g n itu d e  o f  p r e s s u r e  d ro p s  and  h e a t  and mass t r a n s f e r  c o e f ­
f i c i e n t s  t o  b e  e x p e c te d  i n  t h i s  ty p e  o f  c o n t a c t o r .  The 
number o f  v a r i a b l e s  to  be  c o n s id e r e d  h as  been  d e s c r ib e d  i n  
C h a p te r  V. Of c o u r s e ,  much e x p e r im e n ta l  work re m a in s  to  be  
done b e f o r e  g e n e r a l i z a t i o n s  can  be  fo rm u la te d  f o r  p r e d i c t i n g  
th e  p r e s s u r e  d ro p s  and h e a t  and mass t r a n s f e r  c o e f f i c i e n t s .
P r e s s u r e  Drop S tu d ie s
The p r e s s u r e  drop a s  in c h e s  o f  w a t e r / l i q u i d  c u r t a i n  i s  
p r e s e n te d  i n  F ig u re  28 f o r  t h e  d i f f e r e n t  f low  c o n d i t i o n s .
As n o te d  i n  C h a p te r  I I I ,  t h e  sm a ll  p r e s s u r e  drop  i n  b a f f l e -  
p l a t e  and d i s c - a n d - d o n u t  to w ers  i s  an  a t t r a c t i v e  f e a t u r e  i n  
vacuum s e r v i c e s .
H eat and  Mass T r a n s f e r  E x p erim en ts
I n  C h a p te r  VI, th e  p ro c e d u re  f o r  a d i a b a t i c  h u m id i f i c a -  
t i o n  ru n s  was d e s c r i b e d .  T a b le  V p r e s e n t s  t h e  c a l c u l a t e d  
r e s u l t s .
The e f f e c t s  o f  two v a r i a b l e s  may be  e s t a b l i s h e d  from 
t h e s e  d a t a :  l i q u i d  r a t e  and  v a p o r  r a t e .  I n  F ig u r e  29,
(k@a Z)a v  i s  p l o t t e d  v e r s u s  G f o r  a l l  l i q u i d  r a t e s .  Exami­
n a t i o n  o f  t h e  p o i n t s  i n d i c a t e s  t h a t  t h e r e  i s  no d i f f e r e n c e
\
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Figure. Z8>
PRESSURE DROP PER LIQUID CURTAIN
AT
DIFFERENT WATER AND AIR FLOW RATES
TABLE V
SUMMARY OF CALCULATED RESULTS FOR ADIABATIC HUMIDIFICATION RUNS
Run Type o f  L, V, G, z >av (hGa Z)av (hGa Z)av
No. C o n ta c t in g  l b / h r  l b / h r  l b / h r - f t 2  Gj G-j- c g ^^Ga z ' a v  (hGa <Oav (k^a Z)av  eg
*
1 ED 9110 1040 1244 1.27 1.27 1547 381 - 1 . 0
2 ED 9110 875 1042 1.642 1.642 1678 411 1 . 0
3 WH 9110 1435 1540 1.355 1.355 2 0 2 0 506 1 . 0
4 LS 9110 2640 4700 1.39 1.39 6380 1575 1 . 0
5 ED 8300 1090 1300 1.865 1.865 2380 593 1 . 0
6 WH 8300 1639 1744 1.651 1.651 2820 697 1 . 0
7 LS 8300 2690 4790 1 .41 1 .41 6770 1633 1 . 0
8 ED 7350 1270 1515 1.843 1.843 2740 671 1 . 0
9 WH 7350 1960 2090 1.59 1.59 3250 800 1 . 0
1 0 LS 7350 2800 4970 1 .52 1 .52 7400 1813 1 . 0
1 1 ED 6450 1780 2 1 2 0 1.975 1.975 4150 1 0 2 0 1 . 0
1 2 ED 6250 1432 1710 1.780 1.680 2970 690 0 .9 4 4
13 WH 6250 1875 1998 1.590 1.579 3100 757 0 .993
14 LS 5840 2510 4460 1.860 1.948 8150 2 1 0 0 1.047
15 ED 5150 1581 1889 1.809 1.809 3330 819 1 . 0
16 LS 4450 2780 4950 1 . 6 6 8 1 . 6 6 8 8050 1980 1 . 0
17 ED 3850 1650 1969 1.97 1.97 3780 930 1 . 0
18 WH 3850 2040 2180 1.533 1.533 3260 802 1 . 0
19 LS 3850 2820 5020 1.588 1.588 7760 1910 1 . 0
2 0 ED 1375 2280 2720 1 . 2 1 1 1 . 2 1 1 3220 795 1 . 0
(C ontinued  on n e x t  page)
TABLE V (Continued)
Run Type o f L, V, G, (lcGa z ^av (hGa Z)av
z)a v (hGa Z)a v
(hQa Z)av
No. C o n ta c t in g  l b / h r  l b / h r  l b / h r - f t ^  Gj 
* GI  5S
(kQa Z)av  c s
21 WH 1375 2490 2650 1 .4 6 1.46 3780 935 1 . 0
22 LS 1375 2910 5190 1 .371 1 .371 6950 1638 1 . 0
* ED -  End o f  d r o o l in g  
WH - W a l l - h i t t i n g  
LS -  L ev e l s trea m
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F i gure  2 9
GA5 PHASE MASS TRANSFER COEFFICIENT
V E R 5 U S  
GAS P H A S E  M A S  5  V E L O C I T Y  
BOTH B ASED ON THE. S U P E R F I C I A L  CUR TAIN A R E A
y i \  0-- 
T2-^
th e  s i n g l e  s t r a i g h t  l i n e  o f  s lo p e  + 0 .94  (d e te rm in ed  by th e  
method o f  l e a s t - s q u a r e s )  d e s c r ib e s  th e  d a t a .  A c tu a l ly ,  a 
v a lu e  o f  u n i t y  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 0 . 9 4  i n  
a s t a t i s t i c a l  s e n s e .
F ig u re  30 p l o t s  (kga Z)a v /G v e r s u s  l i q u i d  r a t e .  No 
n o t i c e a b l e  e f f e c t  o f  l i q u i d  r a t e  was found o v e r  t h i s  wide 
ran g e  o f  v a l u e s .  T h is  was somewhat s u r p r i s i n g ;  however, n o t  
u n d u ly  so , b e c a u se  th e  d eg re e  o f  a to m iz a t io n  o f  th e  l i q u i d  
s trea m  i s  v i s i b l y  g r e a t e r  a t  low l i q u i d  r a t e s .  A p p a re n t ly ,  
even though th e  l i q u i d  ho ldup  i s  s m a l le r  a t  s m a l le r  f lo w s, 
th e  i n c r e a s e  i n  i n t e r f a c i a l  a r e a  p e r  u n i t  mass o f  l i q u i d  
ho ldup  e n t i r e l y  o f f - s e t s  t h i s .  The d e te rm in a t io n  o f  i n t e r -  
f a c i a l  a r e a s  would be e x tre m e ly  d i f f i c u l t  i n  t h i s  c o n t a c t o r ,  
r e q u i r i n g  p h o to g rap h s  from s e v e r a l  d i r e c t i o n s .  What i s  a l s o  
im p o r ta n t  i s  t h a t  t h i s  would r e p r e s e n t  a v e ry  i n d i r e c t  a p ­
p ro a c h  to  th e  problem , s in c e  one would s t i l l  have  to  d e te rm in e  
kg . L a s t l y ,  th e  d i v i s i o n  o f  kga i n t o  kg and a r e p r e s e n t s  an 
o v e r s i m p l i f i c a t i o n  o f  th e  p rob lem , s in c e  kg i s  a c t u a l l y  d i f ­
f e r e n t  f o r  d i f f e r e n t  d ro p s ,  and kga o b se rv ed  e x p e r im e n ta l ly  
i s  an  a v e ra g e  f o r  a l l  t h e  d ro p s .  The a u th o r  b e l i e v e s  t h a t  
m easu r in g  th e  i n t e r f a c i a l  a r e a  would n o t  be  a p a r t i c u l a r l y  
f r u i t f u l  ap p ro ac h  to  t h e  p rob lem .
I n  ru n s  12, 13 and 14, t h e  d ry  b u lb  te m p e ra tu r e  o f  th e
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g as  s tre a m  fo l lo w in g  th e  f i r s t  c u r t a i n  was r e l i a b l y  m easured 
u s in g  th e  p ro c e d u re  d e s c r ib e d  in  C h ap te r  VI. However, i n  th e  
o th e r  r u n s ,  th e  flow  r a t e  th ro u g h  th e  sam pling  d e v ic e  was to o  
low d u r in g  th e  te m p e ra tu re  m easurem ent. Runs 12, 13 and 14 
e s t a b l i s h  th e  v a l i d i t y  o f  th e  Lewis r e l a t i o n  o f  t h i s  system . 
C o rre sp o n d in g ly ,  in  th e  rem a in in g  ru n s  hG was c a l c u l a t e d  from 
kq  u s in g  th e  Lewis r e l a t i o n .  In  F ig u re s  28 and 29 o n ly  
(kGa Z)av  i s  shown. The te rm  (hga Z)av  d i f f e r s  from t h i s  by 
th e  f a c t o r  eg , which was e s s e n t i a l l y  c o n s ta n t  a t  0 .249  B t u / lb - ° F .
Four ru n s  w ere made w ith  n o n - a d ia b a t i c  o p e r a t i o n .  These 
ru n s  employed a s i n g l e  v ap o r  flow  r a t e  and v a ry in g  l i q u i d  
flow  r a t e s .  The c a l c u l a t e d  r e s u l t s  a r e  p r e s e n te d  i n  T ab le  
V I. These ru n s  were u t i l i z e d  to  o b t a in  (h^a Z)a v , a f t e r  ob­
t a i n i n g  (kGa Z)av  a t  th e  v a lu e  o f  G i n  q u e s t io n  from F ig u re
28. The a l t e r n a t i v e  p ro c e d u re  d e s c r ib e d  i n  C h a p te r  IV f o r  
o b ta in in g  b o th  (h ja  Z)av  and ( ^ a  Z)av  from a s i n g l e  run  was 
n o t  em ployed, b ec au se  th e  d ry  b u lb  gas  te m p e ra tu re  fo l lo w in g  
th e  c u r t a i n  was n o t  d e te rm in e d  w i th  s u f f i c i e n t  a c c u ra c y .
N o t ic e  t h a t  ( h ja  Z)av  i s  s i g n i f i c a n t l y  h ig h e r  th a n  (hga Z)a v .
V e r s a t i l i t y  o f  t h e  C o n ta c to r
The b a f f l e - p l a t e  o r  d i s c - a n d -d o n u t  ty p e  c o n t a c t o r  h as  
p roved  to  b e  s u r p r i s i n g l y  v e r s a t i l e .  D uring  a 6 . 5 - f o l d  v a r i ­
a t i o n  i n  l i q u i d  f low  r a t e  and a  2 . 8 - f o l d  v a r i a t i o n  i n  v ap o r
TABLE VI
SUMMARY OF CALCULATED RESULTS FOR NON-ADIABATIC HUMIDIFICATION RUNS
Run No,
v I #
l b / h r
L ,*  
l b / h r
(kca Z)av** 
G l
(hLa ^ ) a y> 
B t u / h r - f t ^ - ° F
(hLa Z ) a v
(hga Z)av
1 1 9 0 0 2350 1 .5 1670 1 .99
2 1900 5000 1 .5 1670 2.03
3 1900 6600 1.5 2900 3 .75
4 1900 8800 1 ,5 1820 2.43
* A l l  c o n t a c t in g  was betw een  d r o o l in g  and l e v e l  s t r e a m s .
** O b ta in e d  from F ig u re  29,
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f low  r a t e  ( 5 - f o ld  i n  mass v e l o c i t y  e x p re s se d  p e r  sq u a re  f o o t  
o f  c u r t a i n  a r e a ) , th e  e f f i c i e n c y  o f  c o n ta c t in g  rem ained  h ig h .  
For  example, (hGa Z)a v /Gj eg was found to  be eq u a l  to  1 .5  and 
a p p ro x im a te ly  in d e p e n d en t  o f  l i q u i d  and g as  flow  r a t e s  o v e r  
th e  ra n g e s  s tu d i e d .  I f  one assum es t h a t  Uq = hg, th e  p o in t  
e f f i c i e n c y  f o r  h e a t  t r a n s f e r  i s  77.7% a t  (hGa 2 ) ^ / 0 -^ c s = 1 .5 .  
The p l a t e  e f f i c i e n c y  f o r  h e a t  t r a n s f e r  in  any  g iv e n  s i t u a t i o n  
w ould, o f  c o u r s e ,  be somewhat h ig h e r .  See F ig u re  11.
Appendix VI p r e s e n t s  a d i s c u s s io n  o f  th e  u s e  o f  a 
b a f f l e - p l a t e  o r  d i s c -a n d -d o n u t  tow er i n  d i s t i l l a t i o n  o p e ra ­
t i o n s .  The tow er a p p e a rs  to  have s i g n i f i c a n t  p o t e n t i a l  i n  
such s e r v i c e .  U ndoubted ly , th e s e  tow ers  have n o t  been  w id e ly  
c o n s id e re d  f o r  d i s t i l l a t i o n  o p e r a t io n s  in  th e  p a s t  b ecau se  
o f  a la c k  o f  u n d e r s ta n d in g  o f  th e  n a t u r e  o f  th e  c o n ta c t in g  
and a la c k  o f  a d e q u a te  d e s ig n  p r o c e d u r e s .  The p r e s e n t  work 
f i l l s  t h i s  n ee d .
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APPENDIX I
NOMENCLATURE
a I n t e r f a c i a l  a r e a  p e r  u n i t  o f  c o n t a c t in g  volume, f t ^ / f t ^
A C o n s ta n t  i n  e q u a t io n  (IV 4 6 ) ,  °F
b D efined  by  e q u a t io n  (IV 53)
B C o n s ta n t  i n  e q u a t io n  (IV 4 6 ) ,  lb - ° F /B tu
B G W E cq/L  cl , 1 / f t
c S p e c i f i c  h e a t ,  B tu / lb - ° F
c C o n c e n tr a t io n ,  lb  o r  l b - m o le / f t ^
Cg S p e c i f i c  h e a t  o f  t o t a l  gas s tre a m  e x p re s se d  p e r  u n i t  o f  
i n e r t  g a s ,  B tu / lb - ° F
dj-T  D i f f u s i v i t y  o f  th e  v a p o r iz e d  l i q u i d  th ro u g h  th e  i n e r t  g-** 
f t ^ / h r
D C o r r e c t io n  f a c t o r  d e f in e d  by e q u a t io n  (IV 70)
D(j Drop d ia m e te r ,  f t
D0  O u ts id e  d ia m e te r  o f  sp h e re  o r  c y l in d e r ,  f t
E P o in t  e f f i c i e n c y  f o r  h e a t  t r a n s f e r  d e f in e d  by e q u a t io n
(IV 5)
Ep P l a t e  e f f i c i e n c y  f o r  h e a t  t r a n s f e r ,  d e f in e d  by (IV 7)
F C o r r e c t io n  f a c t o r  d e f in e d  by e q u a t io n  (IV 69)
g A c c e le r a t io n  o f  g r a v i t y ,  f t / h r ^
g c C onvers ion  f a c t o r ,  32 .17  lb  m a s s - f t / s e c ^ - l b  f o rc e
G Mass v e l o c i t y  o f  t o t a l  gas  s trea m  b a s e d  on th e  s u p e r f i c i a l  
c u r t a i n  a r e a ,  Wl, l b / h r - f t ^
Gj Mass v e l o c i t y  o f  g aseous  i n e r t  b a se d  on th e  s u p e r f i c i a l  
c u r t a i n  a r e a ,  Wl, l b / h r - f t ^
G^ M ola l mass v e l o c i t y  o f  t o t a l  gas  s tre a m  b a se d  on th e  s u ­
p e r f i c i a l  c u r t a i n  a r e a ,  Wl, l b - m o l e / h r - f t ^
h H eat t r a n s f e r  c o e f f i c i e n t ,  B t u / h r - f t 2 - ° F
(hj_a Z)a v , (hga Z)av  h e a t  t r a n s f e r  c o e f f i c i e n t s  b a sed  on 
th e  s u p e r f i c i a l  c u r t a i n  a r e a ,  Wl, f o r  l i q u i d  and  gas  
p h a s e s ,  r e s p e c t i v e l y .  B t u / h r - f t 2 - ° F  
H H um id ity , mass o f  v a p o r iz e d  l i q u i d  p e r  u n i t  mass o f  g a s ,  
l b / l b
i  E n th a lp y  o f  t o t a l  gas  p h ase  p e r  u n i t  o f  i n e r t  g a s ,  B tu / lb - ° F
I  "M o d if ied 1' i - v a l u e ,  d e f in e d  by  e q u a t io n  (IV 55)
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k  Gas p h ase  mass t r a n s f e r  c o e f f i c i e n t  b a se d  on a chosen
d r iv in g  f o r c e :  kg, h u m id i ty ;  kc , c o n c e n t r a t i o n ;  k^y,
mole f r a c t i o n ;  kgp, p a r t i a l  p r e s s u r e ;  kg , p a r t i a l  p r e s ­
s u r e  w i th  a l lo w a n c e  f o r  pBm 
(kga Z)av  Gas phase  mass t r a n s f e r  c o e f f i c i e n t  b ased  on th e  
s u p e r f i c i a l  c u r t a i n  a r e a ,  Wl, l b / h r - f t ^
K Thermal C o n d u c t iv i ty ,  B t u / h r - f t 2 - ( ° F / f t )
K D efined  by e q u a t io n  (IV 50) f o r  u se  i n  (IV 49)
1 Length  o f  c u r t a i n ,  f t  (som etim es I i s  employed to  a v o id
c o n fu s io n  w i th  th e  number o n e .)
L L iq u id  flow  r a t e ,  l b / h r
M ( £  cT/ c p) , an  e n t ra in m e n t  g ro u p in g
n  Number o f  l i q u i d  c u r t a i n s
N Hass t r a n s f e r  r a t e  p e r  u n i t  a r e a ,  lb  o r  l b - m o l e / h r - f t ^
p p a r t i a l  p r e s s u r e ,  atm
P* Vapor p r e s s u r e ,  atm
R C h a r a c t e r i s t i c  d im ension  i n  e q u a t io n  (IV 59, 60 and 6 1 ) ,  f t
R L Cj^/V Cq
t  L iq u id  phase  te m p e ra tu r e ,  °F
T Gas p h ase  te m p e ra tu re ,  °F
Uq O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u / h r - f t ^ - ° F ; b u t
Uq d e n o te s  gas v e l o c i t y  i n  t h e  e q u a t io n s  o f  C h ap te r  I ,  
f t / h r
v  K inem atic  v i s c o s i t y ,  f t  / h r
V Gas f low  r a t e ,  l b / h r
V* A " re d u c e d "  v e l o c i t y ,  l b / h r .  See R e fe re n c e  (3 9 ) .
W W idth o f  l i q u i d  c u r t a i n ,  f t
x F ilm  th i c k n e s s ,  f t
y Mole f r a c t i o n
Z Depth o f  c u r t a i n ,  f t
G reek Symbols
X L a te n t  h e a t  o f  v a p o r i z a t i o n ,  B tu / lb
(j. V i s c o s i t y ,  l b / f t - h r
A D i f f e r e n c e
p D e n s i ty ,  l b / f t ^
0 D enotes  a  f u n c t i o n a l  dependence
o> D enotes  a f u n c t i o n a l  dependence
o I n t e r f a c i a l  t e n s i o n ,  l b / h r 2
tt T o t a l  p r e s s u r e ,  atm
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5 Boundary l a y e r  t h i c k n e s s , f t
£  L iq u id  e n t ra in m e n t  p e r  u n i t  mass o f  g a s ,  l b / l b  
S u b s c r ip t s
A Component b e in g  t r a n s f e r r e d
a v  a v e ra g e
b Bulk c o n d i t io n s  o f  a phase
BM log-m ean f o r  th e  i n e r t  gas  betw een b u lk  and i n t e r f a c e
c o n d i t io n s
f  f i lm
GB V aporized  l i q u i d  (component B)
G Ga s
i  I n l e t
I  I n e r t  gas
L L iq u id
L-G, L -I  V aporized  l i q u i d  
M Mass t r a n s f e r  o r  m o la l
n The n th  c u r t a i n
0 O u t l e t
R R e fe re n c e  c o n d i t io n
lJS L iq u id  c u r t a i n s  1, 2 , e t c . ,  numbered s t a r t i n g  from th e  
bo ttom  o f  th e  tow er
S u p e r s c r i p t s
1 d e n o te s  e q u i l ib r iu m  c o n d i t i o n s ,  e x c e p t  when p la c e d  on 1 .
On 1 i t  d e n o te s  any  in t e r m e d ia te  v a lu e  o f  1, 
a v e ra g e
APPENDIX I I  
TYPICAL PROCESS DESIGN CALCULATION
In  th e  fo l lo w in g  p a ra g ra p h s  a t y p i c a l  p r o c e s s  d e s ig n  
c a l c u l a t i o n  w i l l  b e  made f o r  th e  s i t u a t i o n  o f  h e a t  t r a n s f e r  
w i th  no mass t r a n s f e r .
P rob lem : D esign  a b a f f l e - p l a t e  o r  d i s c - a n d - d o n u t  tow er to
c o o l  t h e  g aseo u s  e f f l u e n t  from a t y p i c a l  p e tro le u m  
c r a c k in g  o p e r a t i o n .
D esign  C o n d i t io n s :
1. 5000 lb - m o le /h r  o f  g a s ;  to  be  c o o le d  from 1100°F
to  600°F.
2. C o o lin g  l i q u i d ;  a r e l a t i v e l y  h ig h  b o i l i n g  o i l .
3. O p e ra t in g  p r e s s u r e :  30 p s i a
4 . P h y s i c a l  p r o p e r t i e s
Gas: K = 11 .7
°API = 43
A verage m o le c u la r  w e ig h t  = 159 
B o i l i n g  p o i n t  a t  30 p s i a ^ ^ ^  = 455°F 
L iq u id :  K = 10 .6
°API = 10
A verage m o le c u la r  w e ig h t  = 293 
B o i l i n g  p o i n t  a t  30 p s i a (27) = 805°F
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Design Calculations:
1. The d e s ig n  e n g in e e r s  may a r b i t r a r i l y  chose  th e  o i l
to  g as  r a t i o  and th e  i n l e t  te m p e ra tu re  o f  th e  o i l .  
The f i n a l  c h o ic e  would be  d i c t a t e d  by economic con­
s i d e r a t i o n s .  As an example o f  the c a l c u l a t i o n s  
f o r  any g iv e n  o i l - g a s  r a t i o  and i n l e t  o i l  tem p era ­
t u r e ,  u s e  a r a t i o  o f  2 . 0  (mass b a s i s )  and an i n l e t  
te m p e ra tu re  o f  550eF.
2. R e f e r r in g  to  th e  b o i l i n g  p o in t s  o f  th e  s t re a m s ,
one c o n c lu d es  t h a t  s a t i s f a c t o r y  c a l c u l a t i o n s  may 
be made n e g l e c t i n g  v a p o r i z a t i o n  o f  th e  o i l  and 
c o n d e n s a t io n  o f  th e  gas s tre a m .
3. The s te p w is e  p ro c e d u re  d e s c r ib e d  i n  C h a p te r  IV f o r
th e  c a s e  o f  h e a t  t r a n s f e r  w i th  no mass t r a n s f e r  
w i l l  be employed.
S tep  1 -  A p l o t  o f  T v e r s u s  t  i s  c o n s t r u c t e d .  The o p e r a t in g  
l i n e  i s  a p p ro x im a te ly  s t r a i g h t ,  s in c e  th e  s p e c i f i c  
h e a t s  o f  b o th  p h a se s  v a ry  o n ly  s l i g h t l y  w i th  tem­
p e r a t u r e .
Vapor Flow R a te  = 5000(159) = 795,000 l b / h r  
L iq u id  Flow R a te  = 2 (795 ,000) = 1 ,5 9 0 ,0 0 0  l b / h r  
q = 5 0 0 0 (1 5 9 )(0 .7 3 5 )(1 1 0 0  - 600) 
q = 292 ,000 ,000  B tu /h r
The o u t l e t  te m p e ra tu re  o f  th e  l i q u i d  i s  e s t a b l i s h e d
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by an o v e r a l l  en e rg y  b a la n c e  and found to  be 808°F,
The o p e r a t in g  l i n e  p a s s e s  th ro u g h  (808, 1100) and 
(550, 600) .
S tep  2 - No g e n e r a l i z e d  c o r r e l a t i o n s  a r e  a v a i l a b l e  a t  t h i s  
tim e  f o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s .  L e t  u s  
u s e  t y p i c a l  a i r - w a t e r  system  r e s u l t s  fo r  th e  sake 
o f  i l l u s t r a t i o n
(UGa Z)av  w i l l  be  o b ta in e d  from:
G G G
(uGa Z)av  (hGa Z)av  (h^a Z)av
For th e  a i r - w a t e r  sy s tem , t y p i c a l  v a lu e s  o f  t h e  term s 
i n  th e  r ig h t-h an d -m em b er  a r e  a s  fo l lo w s :
(hGa Z)a v /G = 0 .3 7 4  B tu / lb - ° F  
(hLa Z)a v /G = 2 (0 .3 7 4 )  = 0 .749  B tu / lb - ° F  
Hence, (UGa Z)a v /G = 0 . 2 5  
cG = 0 .735  
From e q u a t io n  (IV 6 ) ,
E = 1 - exp [ - (Uga Z)a v /G cG] = 0 .288  
And, from e q u a t io n  (IV 1 5 ) ,
Ep = L cL/V cG T exp I e.g. -E. - 1
CL ”
L cL/V cG = Z ( 0 .7 3 5 ) / ( 0 .7 5 3 )  = 1 .95  
Ep = 0 .310
S te p s  3 and 4 -  The " p s u e d o -e q u i l ib r iu m "  cu rv e  i s  c o n t r u c te d  in
a c c o rd a n c e  w i th  th e  g r a p h i c a l  p ro c e d u re  shown i n  F ig u re\
13; and th e  r e q u i r e d  number o f  a c t u a l  c u r t a i n s  i s  
" s t e p p e d - o f f 11 and found to  be  1 2 . 0
APPENDIX III
CALCULATION OF CORRECTION FACTORS FOR THE EFFECT OF 
MASS TRANSFER ON THE HEAT TRANSFER COEFFICIENT
I n  C h ap te r  IV, f a c t o r s  F and (F + D) w ere in t r o d u c e d .
A sam ple c a l c u l a t i o n  o r  th e s e  f a c t o r s  w i l l  be g iv e n  f o r  th e  
a i r - w a t e r  system  a t  a tm o sp h e r ic  p r e s s u r e .
D i s  d e f in e d  a s
1- /TT | TT \
D = UL~G (IV 70)
G
For c a l c u l a t i o n a l  p u rp o s e s ,  i t  i s  c o n v e n ie n t  to  i n t r o ­
duce kg, th e  mass t r a n s f e r  c o e f f i c i e n t  b ased  on a p a r t i a l  
p r e s s u r e  d r iv in g  f o r c e :
kG (H' - Hb ) = (p* -  pb ) (1)
I n  th e  c a s e  o f  th e  a i r - w a t e r  system ,
hg
tt—  ------- = 1 .0  (2)
G PBM CG
In  th e  c a s e  o f  o t h e r  sy s tem s , b would b e  p la c e d  a s  t h e  r i g h t -
hand-member o f  e q u a t io n  (2 ) .  See e q u a t io n  (IV 5 3 ) .
Combining e q u a t io n s  (1) and (2) g iv e s
D = f r '  (3)
PBM CG
As an example o f  t h e  u s e  o f  e q u a t io n  (3 ) ,  c o n s id e r  d ry  
a i r  (pb = 0) f lo w in g  p a s s e d  an  i n t e r f a c e  a t  100°F. p 1 e q u a ls  
t h e  v a p o r  p r e s s u r e  o f  w a te r  a t  100°F, 0 .9492  p s i a .  pg^ i s
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r e a d i l y  c a l c u l a t e d  f o r  a t o t a l  p r e s s u r e  o f  14 .70  p s i a :
14 .70  -  (14 .70  - 0 .9 4 9 2 )  M .p = ------------------------------   _ 14 .22  p s i a
1 r 14 .70
14 .70  - 0 .9492
CL-G t i^e s p e c i f i c  h e a t  o f  w a te r  v a p o r ,  0 o446 B t u / l b - ° F .  
Cq i s  th e  s p e c i f i c  h e a t  o f  th e  gas  b u lk ,  w hich  i n  t h i s  c a s e  
i s  d ry  a i r :  Cp = 0 .2 4 0  B t u / l b - ° F .  S o lv in g  e q u a t io n  (3 ) :
d -  -  o . m
1 4 . I I  (U.24U)
F = 0 . 1 2 4 / ( e 0 *124 - 1) = 0 .9 4  
F + D = 1 .06
F and (F + D) a r e  p l o t t e d  i n  F ig u re  18.
APPENDIX IV
CALCULATION OF THE EFFECT OF NO GAS 
MIXING ON THE PLATE EFFICIENCY
O b s e rv a t io n  o f  t h e  g a s - l i q u i d  c o n t a c t i n g  i n d i c a t e s  t h a t
th e  g as  m ixes w e l l  fo l lo w in g  each  c u r t a i n ;  and , c o r re s p o n d -
1
i n g l y ,  co m p le te  m ix in g  o f  th e  gas  be tw een  c u r t a i n s  h a s  been  
assumed f o r  th e  model o f  th e  c o n t a c t i n g  o p e r a t i o n .  However, 
c e r t a i n l y  th e  gas i s  n o t  c o m p le te ly  m ixed betw een  s t a g e s ,  
and some i n v e s t i g a t i o n  i n t o  t h i s  e f f e c t  i s  j u s t i f i e d .  The 
i n v e s t i g a t i o n  w i l l  be  made f o r  t h e  second c u r t a i n  from th e  
bo ttom  i n  th e  c a s e  o f  h e a t  t r a n s f e r  w i th  no mass t r a n s f e r .  
R eco g n ise  t h a t  th e  g as  i s  c o m p le te ly  mixed p r i o r  to  e n t e r i n g  
th e  b o tto m  c u r t a i n .  I t  w i l l  be  assumed t h a t  th e  v a p o r  flow s 
from th e  f i r s t  c u r t a i n  to  th e  second w i th  no m ix in g .  For 
exam ple , t h e  same gas  w hich  le a v e s  t h e  m id p o in t  o f  t h e  bo ttom  
c u r t a i n  p a s s e s  th ro u g h  th e  m id p o in t  o f  th e  second c u r t a i n .
C o n s id e r in g  th e  b o tto m  c u r t a i n ,  e q u a t io n  (IV 12) may be 
i n t e g r a t e d  from 0  to  1 ' and t ^  to  t ,  w here I 1 d e n o te s  some 
i n t e r m e d i a t e  l e n g th  (n o t  th e  t o t a l  l e n g t h ) ,  and  t  i s  th e  
l i q u i d  te m p e ra tu r e  a t  l\ E q u a tio n  (1) r e s u l t s :
G W cn E 1 '
---------z--------- = -  In
L c L
T j - t  I
Ti  -  H-
( i )
I f  we fo c u s  o u r  a t t e n t i o n  on th e  second c u r t a i n ,  an e q u a t io n  
e q u i v a l e n t  to  (IV 12) w i l l  a g a in  a p p ly .  However, i n  t h i s
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c u r t a i n  v a r i e s  w i th  1 , s in c e  f o r  th e  second c u r t a i n  
e q u a ls  T0  f o r  th e  f i r s t  c u r t a i n ,  w hich v a r i e s  w i th  1, T h is  
v a r i a t i o n  may be e s t a b l i s h e d .  So lve  e q u a t io n  (1) f o r  (T^ - T) 
and s u b s t i t u t e  t h i s  i n t o  e q u a t io n  (IV 10) w i th  th e  r e s u l t :
T 0  -  T i - E e ' B1' ( T t  -  t ±) (2)
tm M
where B = G W Cg E/L c^ .
The p l a t e  e f f i c i e n c y  f o r  th e  second c u r t a i n  may be r e l a ­
te d  to  E and L c^/V Cq . F i r s t  s u b s t i t u t e  e q u a t io n  (2) in to  
e q u a t io n  (IV 12) f o r  th e  second c u r t a i n ,  and th e  fo l lo w in g  
r e s u l t  w i l l  be o b ta in e d :
■ ^ f  =  B (T j .  - t )  ( 3 )
N o tic e  th e  minus s ig n  which i s  in t ro d u c e d  to  a c c o u t  f o r  th e  
f a c t  t h a t  th e  l i q u i d  t r a v e l s  from 1  to  0  i n  th e  second c u r ­
t a i n ,  r a t h e r  th a n  from 0 to  1. T em pera tu re  T i f o r  th e  
second c u r t a i n  i s  g iv e n  by e q u a t io n  (2 ) .  Combining e q u a t io n s  
( 2 ) and (3) y i e l d s
“ p  = -  Bt + BT^ - BE ( ^  -  t ±) e"B1' (4)
T h is  i s  a  l i n e a r  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t io n .  U sing 
t h e  boundary  c o n d i t io n ,  t  = ^  a t  1 *= 0  ( th e  o u t l e t  l i q u i d  
from th e  second c u r t a i n  i s  t h e  i n l e t  l i q u i d  f o r  th e  f i r s t ) ,  
e q u a t io n  (4) may b e  so lv e d :
t  e - B1' -  T,- e ' B1' -  S - g i  J l I l L g
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2B11
  + C (5)
w here C = ( t ^  - T ^ ) (1 - E /2)
At 1 '=  1, t  e q u a ls  t^3> th e  te m p e ra tu r e  o f  l i q u i d  e n t e r i n g
th e  second c u r t a i n .
An o v e r a l l  en e rg y  b a la n c e  f o r  th e  second  c u r t a i n  i s  a s  
f o l l o w s :
1* c l  (t-j_ ~ t ^ 2) = V Cg [ (T0  a v ) i  - (T0  a v ) a l  ( 6 )
The s u b s c r i p t s  1 and 2 r e f e r  to  th e  bo ttom  and second  c u r ­
t a i n s ,  r e s p e c t i v e l y .
For th e  second c u r t a i n  th e  p l a t e  e f f i c i e n c y  a s  d e f in e d  
by  e q u a t io n  (IV 7 ) ,  may be w r i t t e n  a s  f o l lo w s :
Ep = (To a v  ^1 " T^°  a v ^2 (7)
(T0  a v ) 1 fci
Combining e q u a t io n s  (5 ) ,  ( 6 ) and (7) g iv e s  th e  n u m e ra to r :
N um erator ==  ( t i  -  T i )
e ‘ B 1
( e ' B 1  -  1 ) -  |  ( e - 2 B 1  -  1 )
L
v  S G
(8)
Combining e q u a t io n s  (IV 8 ) and (IV 13) g iv e s  t h e  d en o m in a to r :
D enom inator = ( t ^  “ T^) ( e “ B 1  - 1 ) - 1
v  a G
(9)
Combining e q u a t io n s  ( 8 ) and (9) r e s u l t s  i n  t h e  d e s i r e d  e q u a t io n :
1  .  eE/R .  |  ( e -E /R  .  eE/R)
Ep = ------ -------------5 - i - ---------------------i  (10)
1  -  e -E /R  - |
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w here  R = L c /V c^.
E q u a tio n  (10) i s  p l o t t e d  i n  F ig u re  31 f o r  R = and
R = 1 .0 .  E q u a tio n  (IV 1 5 ) ,  d e r iv e d  fo r  th e  c a se  o f  com ple te
gas m ix in g ,  i s  a l s o  p r e s e n te d .
I t  can be  seen  t h a t  even f o r  th e  two ex trem es  o f  gas
m ix in g - -n o  m ix in g  v e r s u s  co m p le te  m i x i n g - - th e  r e l a t i o n s h i p  
betw een  Ep and E i s  n o t  g r e a t l y  d i f f e r e n t .
/
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1.75
1.50
.25
1 .0 0
a.uJ
0.75
0.50
0 .2 5
L E G E N D :
Gas M ixing Unimportant. 
Lc l / V cg = <=»
H  -  G a s  Not M i x e d  B e t w e e n  C u r t a i n s .  
Lci./VcS » 1.0
IE -  G as C om pletely  M ixed  
9 e t w e e n  C u rta in s .
L c"L/i/c^ =1.0
0.25 0.50
Point E f f ic ie n c y ,  E
0.15 1.00
F igure 31
EFFECT OF GAS MIXING CHARACTERISTICS
ON THE 
PLATE EFFICIENCY
a p p e n d i x V
CALCULATION OF THE EFFECT OF LIQUID ENTRAINMENT 
ON PLATE EFFICIENCY
O b s e rv a t io n  o f  th e  g a s - l i q u i d  c o n t a c t i n g  i n d i c a t e s  t h a t  
t h e  l i q u i d  e n t ra in m e n t  from each  c u r t a i n  to  th e  c u r t a i n  above 
i s  s m a l l .  However, i t  i s  w o r th w h i le  to  c o n s id e r  w hat e f f e c t
any  e n t r a in m e n t  h as  on p l a t e  e f f i c i e n c y .  The c a s e  which
w i l l  be  c o n s id e re d  i s  t h a t  o f  h e a t  t r a n s f e r  w i th  no mass 
t r a n s f e r .  The assumed mechanism o f  e n t r a in m e n t  f o l lo w s .
The e n t r a i n e d  l i q u i d  d ro p s  and gas  l e a v in g  th e  f i r s t  c u r t a i n  
mix c o m p le te ly  p r i o r  to  e n t e r i n g  th e  second  c u r t a i n .  Then 
t h e  e n t r a i n e d  d ro p s  a r e  removed from th e  g as  s tre a m  by th e  
second c u r t a i n ,  a new s e t  o f  d ro p s  p roduced  and th e  p ro c e s s  
r e p e a t e d .  H eat may be t r a n s f e r r e d  be tw een  th e  g as  and d ro p s  
a f t e r  th e y  le a v e  th e  f i r s t  c u r t a i n  and b e f o r e  th e y  e n t e r  th e  
second  c u r t a i n .  The two ex trem e s i t u a t i o n s  w i l l  be  c o n s id ­
e r e d :  ( 1 ) t h e  d ro p s  and gas  come to  th e rm a l  e q u i l i b r iu m ,
and  ( 2 ) no h e a t  t r a n s f e r  “o c c u rs  be tw een  t h e  d ro p s  and g a s .
1. Drops and Gas Come to  Therm al E q u i l ib r iu m
R e f e r r in g  to  C h a p te r  IV, t h e  e q u a t io n s  p r e s e n te d  a r e  n o t  
changed  by  e n t r a in m e n t  p r i o r  to  e q u a t io n  (IV 8 ) .  The o v e r ­
a l l  en e rg y  b a l a n c e  f o r  t h e  c u r t a i n  i s
(I* + V€) Ct ( t Q -  tj[) = V Cq (Ti  -  Tq av )
(1)
^ 6  CL ^ i  av  “ av )
1 4 5
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w here  £ = mass o f  e n t r a i n e d  d r o p s / u n i t  mass o f  g a s .
The g as  t e m p e ra tu r e s  i n  e q u a t io n  (1) a r e  a f t e r  th e rm a l  
e q u i l ib r iu m  i s  e s t a b l i s h e d .  N o t ic e  t h a t  when t h e r e  i s  e n ­
t r a in m e n t ,  th e  l i q u i d  flow  in c r e a s e s  by  th e  amount o f  th e  
e n t r a in m e n t .  T h is  assum es t h a t  th e  l i q u i d  d r o p l e t s  do n o t  
le a v e  th e  c o n t a c t o r  by v i r t u e  o f  th e  p r e s e n c e  o f  some e n ­
t r a in m e n t  rem oval f a c i l i t i e s .
E q u a t io n  (IV 9) i s  m o d if ie d  by  e n t ra in m e n t  to  t h e  f o l ­
low ing form:
Employing e q u a t io n  (IV 5 ) ,  e q u a t io n  (2) may b e  i n t e ­
g r a t e d  from 0  to  1  and to  t Q w i th  th e  r e s u l t :
-Combining e q u a t io n s  ( 1 ) ,  (3) and th e  d e f i n i t i o n  o f  Ep, equa­
t i o n  (IV 7), r e s u l t s  i n  th e  d e s i r e d  e q u a t io n :
G W d l  € cL (Tt  av  - t )  + G W d l  cG ( ^  av  - T0) =
(L + V€ ) c L d t  ■ - ( 2)
V ( £  0^  + c q  E) 
(L + Vg ) cL "
Ti av  _ t 0
(3)
T. T (4)i  av o av
i  av
L
(V cG + Ve cL) (L  + v€> a L
T h is  may be  w r i t t e n  more c o n c i s e l y .
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(R + M) T f  
EP = ( T T m )  . exp (
E/R + M/R 
1 + M/R ( 6)
where R = L c L/V cq
M “ € h /SG
N o tic e  t h a t  when M = 0 , e q u a t io n  (IV 15) r e s u l t s .
E q u a tio n  ( 6 ) i s  p l o t t e d  i n  F ig u re  32 f o r  a t y p i c a l  
v a lu e  o f  R. C l e a r ly ,  t h e  e f f e c t  o f  e n t r a in m e n t  i s  n o t  g r e a t  
u n t i l  v e ry  h ig h  v a lu e s  o f  g c ^ /c q  a r e  o b ta in e d .  V alues  o f  
6 c-^ /cq o f  C . l  and 0 .3  c o r re sp o n d  to  v e ry  e x c e s s iv e  e n t r a i n ­
m ent. E n tra in m e n t  i n c r e a s e s  th e  p l a t e  e f f i c i e n c y ,  w hich  may 
a t  f i r s t  seem s t r a n g e .  However, t h i s  i s  c o r r e c t  f o r  th e  a s ­
sum ption  made t h a t  t h e  e n t r a i n e d  d ro p s  and gas  come to  th e rm a l  
e q u i l i b r iu m .  In d e e d , i f  E i s  z e ro  f o r  th e  c u r t a i n ,  t h i s  
model o f  e n t r a in m e n t  i n d i c a t e s  a v a lu e  o f  Ep h ig h e r  th a n  z e ro ,  
w hich  stem s from th e  h e a t  t r a n s f e r  b e tw een , n o t  i n ,  th e  
c u r t a i n s .
2. No H eat T r a n s f e r  Between th e  Drops and Gas
A gain  r e f e r r i n g  to  C h a p te r  IV, th e  e q u a t io n s  p r e s e n te d  
a r e  n o t  changed by  e n t r a in m e n t  p r i o r  to  e q u a t io n  (IV 8 ) .  
However, th e  o v e r a l l  en e rg y  b a la n c e  f o r  th e  c u r t a i n  i s :
(H + V€ ) cL ( t Q 2  -  t i 2 ) V Cq (Ti 2  - To2) +
v 6  4  <ca v i  *
( 7 )
P
la
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.15
LEGEND:
I -  t C G/ c L = 0
n  ~ 6 Cq/C[_~o . i 
nr -  € c g / c l =o. s
1.50
N O T £ ;
L c l f  l/% -1 .0  fo r  a /1  C u r v e s .
1.25
1.00
0.75
nr.
0.50
0.25
0.25 0,30
P o in t  E f f i c i e n c y ,  E
0.75 1.00
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w here t av  = a v e ra g e  te m p e ra tu r e  o f  t h e  l i q u i d  i n  a c u r t a i n ,  
d e f in e d  by
< = a v  =  I  f 1 t  d l  ( g )
o
The numbers 1 and 2 r e f e r  to  t h e  f i r s t  and second  c u r t a i n s ,  
r e s p e c t i v e l y .
T em p era tu re  t aVl may be  o b ta in e d  from e q u a t io n  (IV 1 3 ) ,  
w hich  i s  e x a c t l y  a p p l i c a b l e  to  th e  bo ttom  c u r t a i n  b u t  o n ly  
a p p ro x im a te ly  a p p l i c a b l e  to  th e  o t h e r  c u r t a i n s ,  s i n c e  equa­
t i o n  (IV 9) i s  s l i g h t l y  m o d if ie d  by e n t r a in m e n t .  From 
e q u a t io n  (IV 1 3 ) ,  i n t e g r a t e d  to  some i n t e r m e d ia t e  l e n g th  1 ' 
w here t h e  l i q u i d  te m p e ra tu r e  i s  t ,  one f i n d s :
•= =  T u  -  <T n  -  ‘ i i )  e ' B 1 ’ w
w here  B = G W Cg E/L c^
P la c in g  t h i s  i n  e q u a t io n  ( 8 ) and  i n t e g r a t i n g  y i e l d s :
fca v i  = TiX +  ( T i l  " ■t i ^ - ( e " B 1  " 1)- (10>
An i d e n t i c a l  e q u a t io n  a p p l i e d  to  t av a  w i th  th e  s u b s c r i p t  2
r e p l a c i n g  1 i n  e q u a t io n  ( 4 ) .  Hence, t aVg may b e  c a l c u l a t e d .
The p l a t e  e f f i c i e n c y  may be  r e l a t e d  to  th e  e n t r a in m e n t .  
E q u a t io n  (IV 9) i s  a l t e r e d  when e n t r a in m e n t  i s  p r e s e n t  to  
t h e  fo l lo w in g  form:
G W d l  cg (Ti a  -  T0) +  G W d l  €  c L
(11)
<taVi  - e) = (L + vs) cL d t
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U t i l i z i n g  th e  d e f i n i t i o n  o f  E, e q u a t io n  (XV 5 ) ,  e q u a t io n  ( 6 )
may be i n t e g r a t e d  from 0  to  1  and  t ^ 2  to  t Q 2  to  o b t a i n
- (L  + Vs) cr. _ ln  [  eG E (Ti a  -  tp z )  + £ C L  (C a v . '^ o a )  l
(VcG E + V£ cL SG E (Ti a  -  t l 2 ) + « c L ( t a v l - t i 2 ) J
The p re c e d in g  e q u a t io n s  do n o t  combine to  form a c o n c is e
e q u a t io n ,  such a s  e q u a t io n  ( 6 ) .  The e q u a t io n s  a r e  more e a s i l y
u se d  to  c a l c u l a t e  n u m e r ic a l  exam ples . S e v e r a l  such  c a l c u l a -
have  b een  made, and  t h e s e  i n d i c a t e  a sm a ll  d e l e t e r i o u s  e f f e c t
o f  e n t r a in m e n t  on p l a t e  e f f i c i e n c y .
APPENDIX VI
EFFICIENCY OF THE BAFFLE-PLATE OR DISC-AND-DONUT 
TOWER IN DISTILLATION OPERATIONS
I t  i s  w o r th w h i le  to  e x p lo r e  th e  p o t e n t i a l  o f  th e  b a f f l e  
p l a t e  and d i s c - a n d - d o n u t  to w ers  i n  d i s t i l l a t i o n  o p e r a t i o n s .  
To fo c u s  o u r  a t t e n t i o n ,  l e t  u s  c o n s id e r  th e  c a se  w h e re in  th e  
d i s t i l l a t i o n  o n ly  in v o lv e s  two components and th e  p r i n c i p a l  
r e s i s t a n c e  to  mass t r a n s f e r  i s  i n  th e  g as  p h a s e .  R e fe r r in g  
to  F ig u r e s  9 and 10, c o n s id e r  an  e lem en t o f  c u r t a i n  volume, 
(W d l  d Z ) . A m a t e r i a l  b a la n c e  on th e  more v o l a t i l e  compo­
n e n t  co u p led  w i th  th e  d e f i n i t i o n  o f  kgya y i e l d s :
Gj  ^ W d l  dy = kgya W d l  dZ ( y 1 -  y) (1)
T h is  and su b se q u e n t  e q u a t io n s  w i l l  employ, when n e c e s s a r y ,  
t h e  u s u a l  a s su m p tio n  i n  d i s t i l l a t i o n  c a l c u l a t i o n s  o f  con ­
s t a n t  m o la l  f low s o f  b o th  p h a s e s .  The m ole f r a c t i o n  a t  t h e  
i n t e r f a c e ,  y 1, i s  r e l a t e d  to  th e  mole f r a c t i o n  o f  th e  b u lk  
o f  th e  l i q u i d  by  th e  e q u i l ib r iu m  e q u a t io n ,  w hich  i s  assumed 
to  b e  o f  th e  form:
y 1 = mx +  b ( 2 )
w here m and b a r e  c o n s t a n t s  f o r  t h e  e q u i l i b r iu m  c u rv e  o v er  
th e  r e g io n  o f  i n t e r e s t .  N o t ic e  t h a t  kgy and kg a r e  a p p r o x i ­
m a te ly  r e l a t e d  by
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However x i s  c o n s ta n t  i n  th e  d i r e c t i o n  o f  Z, and equa­
t i o n  ( 2 ) may be  i n t e g r a t e d  to  o b ta in :
In
y ± -  y ‘ -  
rr
(k(;va Z)av
= — -2 7 t-- - - Y -  Nr  (4)Gm  Gl  y0  “ y
T h is  i s  r e l a t e d  to  th e  c o n v e n t io n a l  p o in t  e f f i c i e n c y  f o r  
mass t r a n s f e r ,  eM' by th e  e q u a t io n :
= i . e - No = ZaJLZi (5)
-\J 1 -  \T • ^ -^ X
The c o n v e n t io n a l  p l a t e  e f f i c i e n c y  f o r  mass t r a n s f e r ,  
Ep^, i s  r e l a t e d  to  th e  p o in t  e f f i c i e n c y  by an e q u a t io n  de- 
r i v e d  by Lewis f o r  th e  c a se  o f  no m ixing in  th e  l i q u i d  
p h ase  in  th e  d i r e c t i o n  o f  l i q u i d  flow :
e EMX -  I
E PM =  "  ( 6 )
w here X = mV^/L^
As an  example, suppose th e  p h y s i c a l  p r o p e r t i e s  o f  th e  
g as  and l i q u i d  p h ases  re sem b le  th e  a i r - w a t e r  system . A t y p i ­
c a l  v a lu e  o f  (kgya Z)a v /GM i s  th en  1 .4 0 .  F u r th e r ,  suppose 
th e  column i s  a t  t o t a l  r e f l u x  (L^ = VM) and m = 2 .0 .  U sing 
e q u a t io n s  (5) and ( 6 ) ,  one o b t a in s :
E  = 0 .753  
E p  = 1 .752
These r e s u l t s  compare v e r y  f a v o ra b ly  w i th  th o s e  i n  a
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d i s t i l l a t i o n  to w er .  T here  a r e  two re a s o n s  f o r  t h i s ,  w e l l  
w o rth  n o t in g :
(1) I n  th e  b a f f l e - p l a t e  o r  d i s c -a n d -d o n u t  to w er ,  t h e r e  
i s  no m ix ing  in  th e  l i q u i d  phase  i n  th e  d i r e c t i o n  o f  flow;
j
and one r e a l i z e s  t h e  ad v a n tag e  a s s o c i a t e d  w i th  t h i s .  Thus, 
e q u a t io n  ( 6 ) ,  d e r iv e d  by Lewis f o r  mass t r a n s f e r  in  a b u b b le -  
cap column, i s  a v e ry  poor a p p ro x im a tio n  f o r  th e  c o n ta c t in g  
o p e r a t i o n  in  a b u b b le -c a p  column, a s  shown by G au treaux  and
0 'C o n n e l l .  However, e q u a t io n  ( 6 ) i s  an e x c e l l e n t  a p p r o x i ­
m a tio n  f o r  th e  c o n ta c t in g  o p e r a t io n  in  t h e  p r e s e n t  c a s e .
(2) The (k^a Z)av  v a lu e s  found e x p e r im e n ta l ly  may a t  
f i r s t  seem s u r p r i s i n g l y  h ig h ,  i n  v iew  o f  th e  sm a ll  ho ldup  
o f  l i q u i d  e n ro u te  betw een p l a t e s  compared to  th e  ho ldup  o f  
l i q u i d  on a com parab le  b u b b le -c a p  p l a t e .  However, th e  l i q u i d  
p h a se  i s  th e  d i s p e r s e d  p h a se  i n  a b a f f l e - p l a t e  column; and 
th e  r e s u l t i n g  d ro p s  a r e  v e ry  s m a l l ,  l e a d in g  to  a h ig h  i n t e r ­
f a c i a l  a r e a  p e r  u n i t  volume o f  l i q u i d  h o ld u p . In  a d i s t i l l a ­
t i o n  to w er , t h e  g as  p h ase  i s  d i s p e r s e d ,  and th e  r e s u l t i n g  gas
d ro p s  a r e  n o t i c e a b l y  l a r g e r .
I n  summary, b a f f l e - p l a t e  and d i s c - a n d -d o n u t  tpw ers  
a p p e a r s  to  have c o n s id e r a b le  p o t e n t i a l  i n  t h e  f i e l d  o f  
d i s t i l l a t i o n .
APPENDIX VII
CALIBRATION DATA FOR THE ORIFICE METER AND IMPACT TUBE
O r i f i c e  M eter
The o r i f i c e  m e te r  was c a l i b r a t e d  by w e ig h in g  th e  quan­
t i t y  o f  w a te r  c o l l e c t e d  d u r in g  m easured  tim e  i n t e r v a l s .  
Twenty ru n s  w ere  made. The c a l i b r a t i o n  c u rv e  i s  shown in  
F ig u r e  33.
Im pac t Tube
The im p a c t tu b e  m e asu res  p o i n t  v e l o c i t i e s ,  w hich  may be 
c a l c u l a t e d  from th e  e q u a t io n :
w here  AP i s  th e  d i f f e r e n c e  betw een  th e  im p a c t p r e s s u r e  and 
t h e  s t a t i c  p r e s s u r e .
E i g h t - p o i n t  t r a v e r s e s  w ere  made to  e s t a b l i s h  t h e  v e l o ­
c i t y  p r o f i l e .  T h e r e a f t e r ,  t h e  tu b e  was p la c e d  i n  t h e  p o s i t i o n  
o f  maximum r e a d i n g ,  th e  c e n t e r l i n e .  The r a t i o  o f  a v e ra g e  
v e l o c i t y  t o  maximum v e l o c i t y  v a r i e s  o n ly  s l i g h t l y  w i th  th e  
g a s  th ro u g h p u t ,  a s  th e  fo l lo w in g  t a b u l a t i o n  o f  e x p e r im e n ta l  
r e s u l t s  i n d i c a t e s :
A verage V elocity/M axim um  V e lo c i ty  T h ro u g h p u t, cfm
0’ 2 gc (AP) /  pG
0 .8 2 6
0 .8 2 8
0 .8 3 0
0 .8 3 8
313
411
559
754
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W a fe r  Flow R a t e ,  G a llo n s  p e r  M in u te
F i g u r e  3 3
CAU5RATI0N CURVE. 
FOR THE 
ONE INCH ORIFICE ME.TELR
APPENDIX VIII
SAMPLE CALCULATIONS
1. A d ia b a t ic  H u m id i f ic a t io n  Run 
E x p er im e n ta l  O b se rv a t io n s :
Carbon t e t r a c h l o r i d e  manometer = 14 .00  in .
I n c l i n e d  manometer = 3 .6 0  i n .  benzene 
C u r ta in  p o s i t i o n :  l e v e l
P o s i t i o n  
I n l e t  a i r
W ater i n  ho ldup  drum 
A ir  a f t e r  f i r s t  c u r t a i n  
A ir  a t  im pact tu b e
Hum idity  o f  a i r  a f t e r  f i r s t  c u r t a i n
W eight o f  w a te r  c o l l e c t e d  = 0 .2416  g
Volume o f  a i r  = 0 .500  f t ^ ,  s a t u r a t e d  w i th  w a te r
a t  th e  w et t e s t  m e te r  c o n d i­
t i o n s  o f  73 .5°F  and -0 .7 0  i n .
Hg gage
P re s s u r e s
9
B arom eter = 30 .13  i n .  Hg
F o llo w in g  th e  f i r s t  c u r t a i n  = 4 .20  i n .  H2 O gage 
C a lc u l a t io n s :
1. H1 C a lc u l a t i o n
Hi _ p* @ T *
t t  -  P* @ T*
T ' = 21.31°C = 70 .3°F  P* @ 70 .3°F  = 0 .747  in .H g  
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T em pera tu re
9 5 .15°F 
2 1 .31°C 
23 .38°C 
75.3°F
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tt i s  th e  p r e s s u r e  i n s i d e  th e  c o n t a c t o r  a t  
th e  f i r s t  c u r t a i n .
tt = 30 .13  + 4 .2 0 /1 3 .5 6  = 30 .44  i n .  Hg
H' = 0 .7 4 7 / (3 0 .4 4  -  0 .747 ) = 0 .0251
2. H0 C a lc u l a t i o n
The f t 3 / lb -m o le  o f  d ry  a i r  a t  t h e  m e te r  con­
d i t i o n s  i s  f i r s t  e s t a b l i s h e d .  P* @ 73.5°F  
= 0 .835  i n .  Hg.
359 /  533.5  \  f 29 .92  \  = /iQ* ,  ^ 3
1 .0  V 492 J  { 3 0 .1 3 -0 * 7 0 -0 .8 3 5  /.  ^ y x '  p e r  lb  mole
d ry  a i r
Lb-mole Ho0 c o l l e c t e d  = — 0._2416-------  _ 2 .96  (10”3)
£ 4 5 3 .6 (1 8 .0 2 )
Lb-mole a i r  m easured = 0 .500  1 n r r  ,-,^-3.^
40675 (0\'980) “ U 2 5 5  < 1 0  )
0.980  i s  th e  m e te r  c o r r e c t i o n  f a c t o r  d e t e r ­
mined by c a l i b r a t i o n .
H0 = 2 .96  (10"5) /1 .2 5 5  (10~3) = 0 .0236
3. C a lc u la t io n
The a d i a b a t i c  s a t u r a t i o n  l i n e  e q u a t i o n i s
H = H' (X <a T*) -  6  95„(T1„ -  T»,X
1  8 .0 4  (Ti - T ')  + X @ T'
X @ T ' = 1054 (18 .02)  = 19,000 B tu / lb -m o le
H* = 0*0251 (19 ,000) -  6 .9 5  (24 .85 )  = 0  0 1 5 8  
1  8 .0 4  (24 .85 )  + 19,000
4 . (kga Z)a v /Gx C a lc u la t i o n
( l^ a  Z)a v /GI  = In  f  H* ~ Hi  1 f  £^0093 -|
^  aV 1  L 5 F ^ h ;  j  = l n  [  0 .0015  j
=  1 .86
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5. (h^a Z)av/Gj cs Calculation
■ t*  -  T 1fU a In r.~ - _____(h^a Z)a v /Gj eg — In
= 1 .948
6 . (hQa Z)a v /c g  (k^a Z)av  C a lc u la t i o n
The r a t i o  e q u a ls  1 ,9 4 8 /1 .8 6  = 1.047
7. W ater R a te
From F ig u re  3 2 ,  g a l /m in  = 11.7  
L b /h r  = 11.7 (8 .3 3 ) (6 0 )  = 5840
8 . A ir  R a te
The re a d in g  o f  in c h e s  o f  benzene  i s  a c t u a l
in c h e s  a lo n g  th e  i n c l i n e d  arm, w hich 
makes an  a n g le  o f  13 .5°  w i th  th e  h o r i z o n t a l .
p (Benzene) = 54 .7  l b / f t ^
p ( o u t l e t  a i r )  = 0 .0741  l b / f t ^  a t  7 5 .3 °F ,
But AP = R ( s in  1 3 .5 ° )  pgg S
Umax = /  2 (3 .6 0 )  ( s i n  1 3 .5 ° )  (5 4 .7 )  (32"2>I 
v  12 0 .0741
Umax = 5 7 . 7  f t / s e c
Uav / Umax = 0*83. See Appendix V II
The d u d t  i s  0 .5  f t  i n  d ia m e te r .
h u m id i ty  H ',  b a ro m e t r ic  
p r e s s u r e
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O u t l e t  Wet A ir  R a te  = ?  ( 0 , 5 ) 2 ( 5 7 .7 ) ( 0 .8 3 )
4
= 9 .3 9  f t -V s e c  
o r  563 f t ^ / m i n .
O u t l e t  H um idity  ( l b / l b )  = 0 .0 2 5 1 (0 .6 2 2 )
= 0 .01562
Mass R a te  o f  Dry A ir  = (60) (0 .0 7 4 1 )  (1 .0 0 ,0)
(1 .0 1 6 )
= 2470 l b / h r
9 . Gj and  Cg C a lc u l a t i o n s
For a l e v e l  s t r e a m , th e  s u p e r f i c i a l  a r e a  o f  
th e  c u r t a i n ,  Wl, i s  0 .5 6 2  f t 2 . T h is  i s  
s im p ly  6  i n .  x  (18 - 4 .5 )  i n .  See F ig u re  
2 1  f o r  c o n t a c t o r  d e t a i l s .
Thus, Gz = 2 4 7 0 /0 .5 6 2  = 4390 l b / h r - f t 2
cg = 0 .2 4 0  + 0.446H
An a v e ra g e  H f o r  t h e  c u r t a i n  i s  (0 .0 1 5 8  +
0 .0 2 3 6 ) /2 .
c s « 0 .2 4 0  + 0 ,4 4 6 ( 0 .6 2 2 ) ( 0 .0 1 9 7 )
= 0 .2 4 6  B t u / lb  d ry  a i r - ° F  
10. (kga Z )av  and  (hGa  Z)av
(kga Z)a v  = 1 .8 6 (4 3 9 0 )  = 8150 l b / h r - f t 2  
(hGa Z)av  = 1 .9 4 8 (0 .2 4 6 ) (4 3 9 0 )
= 2100 B t u / h r - f t 2-°F
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2. N on-A d iaba tic  H u m id if ic a t io n  Run 
E x p e r im e n ta l  O b s e rv a t io n s :
Carbon t e t r a c h l o r i d e  manometer = 2.20 i n .  
I n c l i n e d  manometer = 2 .10  i n .  benzene 
C u r ta in  p o s i t i o n :  end o f  d ro o l in g
P o s i t i o n  T em pera ture
I n l e t  a i r  85°F
W ater le a v in g  th e  f i r s t  c u r t a i n  1 3 9 ,5 °F
W ater e n t e r in g  th e  f i r s t  c u r t a i n  1 6 4 .3°F
P re s s u r e s
B arom eter = 29 .94  i n .  Hg
F o llo w in g  th e  f i r s t  c u r t a i n  = 1 .35  i n .  H2 O gage
C a lc u l a t io n s :
The o b j e c t i v e  o f  t h i s  c a l c u l a t i o n  i s  to  e s t a b l i s h
(hLa Z)a v , u s in g  (kQa Z)a v /Gj d e te rm in e d  fronT" 
a d i a b a t i c  h u m id i f i c a t io n  s t u d i e s .  B ecause th e  
d ry  b u lb  te m p e ra tu re  o f  th e  a i r  l e a v in g  th e  
c u r t a i n  was n o t  a c c u r a t e l y  m easured , th e  t e c h ­
n iq u e  o u t l i n e d  f o r  o b ta in in g  b o th  (kga Z)av 
and (hj^a Z)av  from a s i n g l e  run  was n o t  employed.
1. By th e -m e th o d s  d e s c r ib e d  i n  th e  a d i a b a t i c  humi­
d i f i c a t i o n  sample c a l c u l a t i o n ,  L i s  found to  
be  2340 l b / h r  and V to  be  1930 l b / h r .
2. From w et and d ry  b u lb  te m p e ra tu re  m easurem en ts ,
th e  m o la l  h u m id i ty  o f  t h e  a tm o sp h e r ic  a i r  was 
c a l c u l a t e d  to  b e  0 .0 1 8 7 .
3. An i  v e r s u s  T c u rv e  i s  c o n s t r u c te d  a t  t h e  op­
e r a t i n g  p r e s s u r e ,  and th e  e q u i l ib r iu m  cu rv e  
i s  p la c e d  th e r e o n .  A t y p i c a l  c a l c u l a t i o n  f o r  
th e  e q u i l ib r iu m  c u rv e  i s  a s  f o l lo w s .
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T T = 130°F
P* (? T 1 = 4.525 in. Hg
ir = 29 .94  + 1 .3 5 /1 3 .5 6  = 30 .04
H1 = 4 .5 2 5 / ( 3 0 .0 4  - 4 .525)
H1 = 0 .1845  m oles ^ O /m o le  d ry  a i r
c£ = 0 . 2 4 0  + 0 .446  (0 .622) H1 = 0 , 2 9 1  B tu / lb - ° F
A r e f e r e n c e  te m p e ra tu re  o f  32°F i s  chosen .
X @ 32°F = 1020 B tu / lb
T h e re fo re ,  a t  130°F
i '  = 0 .2 9 1  (130 -  32) + 0 .1845  (0 .6 2 2 )(1 0 2 0 )
i* « 135.5  B tu / lb
O ther  p o in t s  on th e  e q u i l ib r iu m .c u r v e  a r e  ta b u ­
l a t e d  below:
T*, °F i * ,  B tu / lb
85 40 .0
1 0 0 61.0
115 92.0
140 184.0
4 . F o llo w in g  a rough t r i a l ,  i t  was n o te d  t h a t
h ^ /k g  was the . v i c i n i t y  o f  0 .5 .  T h is  means 
t h a t  f o r  t h i s  c u r t a i n  o f  l i q u i d  t i e - l i n e s  
drawn from ( t ^ ,  i ^ )  and  ( t i ,  i c ) and from 
o th e r  low er te m p e ra tu re s  and e n t h a l p i e s  w i l l  
s t r i k e  th e  e q u i l ib r iu m  cu rv e  i n  t h e  r e g io n  o f  
90 and 120°F. See th e  t i e - l i n e  c o n s t r u c t i o n  
i n  F ig u re  15, Over t h i s  s h o r t  te m p e ra tu re -  
r a n g e , th e  e q u i l ib r iu m  cu rv e  may b e  c o n s id e re d  
s t r a i g h t ,  and  th e  p ro c e d u re  d i s c u s s e d  f o r  a 
s t r a i g h t  e q u i l ib r iu m  cu rv e  em ployed. The form 
o f  e q u a t io n  (IV 46) i s
T 1 = A + Bi*
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Over th e  te m p e ra tu r e  r a n g e  90 to  120°F, B i s
0 .4 7 5  lb - ° F /B tu  and A i s  7 2 ,0 °F .
5 . C a lc u l a t i o n  o f  (hj-a Z)av
E q u a t io n  (IV 51) may now be u se d :
(A +  B i i )  -  t Q
B IC L cL LU
H)  “ fco 1
. (A + B i^) -  t £  J
i .  = [0 .2 4 0  + 0 .0187  ( 0 .6 2 2 ) ( 0 .4 4 6 ) ] ( 8 5  -  32)
+ 0 .0187  (0 .6 2 2 )(1 0 5 0 )
i i  = 2 4 .9  B t u / lb - ° F
A + B±± = 84 .0 °F
1930 (1C - 1) _ , [ 84 .0  -  139 .5  1
0 .4 7 5  K (2 4 3 0 )( 1 .0 )  |_ 8 4 .0  -  164.3  J
K = 1 .281
(h^a Z)a v /(kQ a Z)av  may be  e v a lu a te d  from 
e q u a t io n  (IV 5 0 ) .
k  = exp r  Z)- /Gi  i
l + z ) a v
®(^La Z) av
D uring  th e  a d i a b a t i c  h u m i d i f i c a t i o n  r u n s ,
(kga Z)a v /G]- was found to  b e  a p p ro x im a te ly  
1 .5  a t  t h e s e  c o n d i t i o n s .  S o lv in g  t h e  p r e ­
c e d in g  e q u a t io n  y i e l d s :
(kga Z)a v / ( h ^ a  Z)a v  = 2*02
(k^a Z)av  may b e  o b ta in e d  by n o t i n g  t h a t  a t  
t h e  end o f  d r o o l in g  t h e  s u p e r f i c i a l  c u r ­
t a i n  a r e a  i s  0 .8 3 8  f t ^ .  T h e re fo re ^
^  _ I  z >av 1  v
( L 'j ) a v  -  L — %  J (wWl) 2 . 0 2
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(hLa Z )av  .  .U 5..I iaQ PJ_
0 .8 3 8  (2 .0 2 )
(h^a Z)a v  =? 1670 B t u / h r “ f t 2 - ° F
6 . R a t io  o f  (h^a Z)a v / ( h g a  Z)av
T h is  r a t i o  i s  o b ta in e d  by s o lv in g  th e  e q u a t io n :
(h^a Z) av  
(hGa Z)av
(hx,a Z) av 
(kG
a z Ja v  *1
a ^ a v  J c S
(2 .0 2  (0 .2 4 9 )  
= 1 .99
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